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Due to the problem of global warming, there is an increasing need to gain energy from renewable 
resources. Development of renewable technologies requires consideration of efficient and reliable 
materials. Halide hybrid perovskites as a single crystal have been shown to efficient materials for 
photonic applications which include photovoltaic devices and photodetectors. However, the research 
lacks understanding of stability mechanisms of these materials under light and temperature found in 
normal operating conditions. The structural stability of these materials directly affects their electrical 
properties which are a functional requirement of photonic devices. Therefore, towards the widespread 
adoption of these materials it was necessary to investigate stability mechanisms of methylammonium 
lead bromide (MAPbBr3) as a single crystal alone under heat and light conditions using thermal and 
optical measurements, and as a photonic device structure measuring the effects of heat, light and 
electrical current using IV measurements.   
 
The research contributes new insights into material stability for MAPbBr3 single crystal. The findings 
reveal that the application of heat, light, and electrical current, as normal operating factors, have 
significant effects on material stability and hence performance. A number of different stability 
mechanisms were identified and a deeper insight into the behaviour of MAPbBr3 single crystal as a 
device structure was revealed. The research contributed to understanding the role of the interface 
between the single crystal active layer and electrode materials as having significant influence on 
stability mechanisms. Understanding the material has important implications for the use of MAPbBr3 
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Energy today is one of the basic requirements of economic and social development and has 
become an indispensable aspect for improvement in the quality of life. However, the use of 
energy has significant environmental impacts. Therefore, it is necessary to provide sufficient 
and secure renewable energy sources that responds to the needs of the global economy while 
at the same time protecting the environment. 
Although there is wide range of energy sources available, fossil fuels including, coal, oil and 
natural gas, can be considered the main sources of energy that are used these days. In fact, the 
consumption of fossil fuels is more than 85% globally, while non-fossil sources including 
hydroelectric, nuclear, geothermal, solar, tidal, wind, and waste, including biogas represent the 
rest [1]. 
This imbalance causes environmental problems and therefore, there is a clear need for 
renewable energy sources and a need to develop technology in this area. This would include 
the consideration and development of new, more efficient, technologies taking advantage of 
novel materials and approaches for further development. 
 
1.1.1 Overview of Fossil Fuel 
 
 
Fossil fuels originate from the remains of organic matter that accumulated over millions of 
years. These remains have been processed by micro-organisms which lead to the formation of 
coal, oil and gas [2,3]. Coal is the main mainstay of power generation in the world, as seen in 
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Figure 1.1. Discovery of natural oil and gas in 19th and 20th centuries made gas the second 
source for electricity generation and oil the preferred energy source for the transportation sector 
[4,5]. However, fossil fuels are not a sustainable source of energy in the long term. Moreover, 
usage of fossil fuels leads to an increase in the concentration of carbon dioxide and other gases 
which are responsible for many environmental problems, such as global temperatures and 
acidification of the oceans. Mainly greenhouse gases (carbon dioxide and chlorofluorocarbons) 
absorb and reflect the infrared radiation which cause increase in the temperature of earth [6]. 
This global warming would have a harmful impact on the environment including melting of 
the polar ice caps, rising sea levels, and desertification [7]. To limit increase in global 
temperatures, 196 countries in the world agreed at the United Nations conference on climate 
change in 2015, that reducing CO2 emissions to ~50% by 2050 is a goal required to avoid 
damage in the future [8]. In June 2019, the UK parliament passed legislation that requires the 
UK to be a ‘“net zero” emitter of greenhouse gases by 2050 towards its commitment to the 
2016 Paris Agreement.  This agreement cannot be effective unless fossil fuels are substituted 




Figure 01.1: Summary of the generated electricity from seven different energy sources in 2016. The  data are taken from IEA 
electricity information, December 2018 [5].
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1.1.2 Fossil Fuel Alternatives 
 
 
Fossil fuel alternatives refer to any energy is produced from sources other than fossil fuels such 
as geothermal, wind, nuclear, biomass and solar. They are a better choice compared with fossil 
fuels because they are renewable and environmentally friendly. Nuclear energy is a clean and 
effective source used to generate electricity, where up to 10 % of the world's electricity was 
generated by nuclear power in 2015 [5]. However, nuclear waste disposal, which is extremely 
harmful to flora and fauna, is the fundamental reason behind restriction of nuclear power as an 
energy source [9].  
 
Alternative energy should come from resources that are renewable. Hence, exploitation of 
natural source of energy such as wind, sunlight, thermal energy, sea currents and hydro power 
to create electrical energy have become alternative pillars of exploration. Hydroelectric power 
is a reliable and safe source of energy; however, it is limited to geographic locations because 
its construction is in areas that meet the required conditions for such power plants. Furthermore, 
although hydroelectric power is environmentally friendly it might have environmental 
consequences such as changes in river levels and an increase in droughts [10]. Another 
alternative energy source is from wind turbines. Their use has grown rapidly, however, their 
production of energy is not consistent or unpredictable and depends on daily or seasonal 
weather, which makes management of electricity production difficult [11]. On the other hand, 
geothermal and tidal energy are sources of sustainable energy that have predictable output; 
however, they have very expensive installation costs [12]. 
 
The sun is the most abundant and available source of renewable energy because of its stable 
life, over 4.6 billion years. It is composed of electromagnetic radiation including ultra-violet 
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(UV), visible light and infra-red (IR) radiation. In fact, the average solar energy production 
from one square meter of the earth's surface under AM1.5 condition is around 1 KW/m2 .  The 
sun’s energy can meet present power requirements more than 10,000 times over if it is 
harnessed properly [13]. In addition, it is worth to note that it has diverse applications. Solar 
energy can be used to produce electricity through photonic devices or solar thermal devices. 
Therefore, this thesis will focus on solar energy as a renewable energy source. 
 
Semiconductors are increasingly being investigated and adopted for use in photonic devices 
and include materials such as silicon and germanium. One group of semiconductor materials 
that are increasingly being explored in photonic devices are perovskites, these organic – 
inorganic materials offer excellent properties for such devices, however, they are prone to 
instability and their use requires an understanding of their stability under normal operating 
conditions. Therefore, the focus of this research is the stability or degradation mechanisms of 
perovskite, namely, MAPbBr3. Furthermore, this material in a single crystal form offers a more 
uniform structure with few bulk defects which significantly increases its efficiency in photonic 
devices, and thus, MAPbBr3 in a single crystal form is investigated for stability under light and 
heat conditions as a photonic device or as a crystal alone towards contributing to the knowledge 
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1.2 Aim and Objectives 
 
 
To reveal and understand mechanisms of material stability of MAPbBr3 single crystal alone 
and as a device under light and heat conditions. 
 
Objectives 
• Growth of high quality MAPbBr3 single crystal. 
• To establish material properties through thermal, optical and electrical characterization 
techniques. 
• Investigation of optimal electrode material for consistent testing and reduction of 
contact resistance to further reveal stability mechanisms.   
• Investigate the effect of light and heat on optical – electrical properties of MAPbBr3 
single crystal within a device structure and as a single crystal alone. 
• Investigate stability mechanisms of photodetectors and photovoltaic devices with 





1.3 Contributions of this Study 
 
 
The main contribution of the research is an in-depth understanding of stability and associated 
degradation mechanisms of MAPbBr3 single crystal alone and when it is used as a part of PV 
device and photodetectors using reverse bias. The stability of hybrid halide perovskites, while 
having excellent optical absorption properties, has received little investigation partly due to a 
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lack of understanding of stability mechanisms of these materials in photonic devices. While 
ion migration is known to be a leading factor of degradation of polycrystalline materials, this 
research was the first to address the degradation of MAPbBr3 as a single crystal. Within this 
main contribution are a number of contributions revealed through a detailed understanding of 
such mechanisms.  
 
The research contributed an in-depth understanding of the role of the interface and interface 
materials, namely electrode material and the single crystal itself and the association between 
the two. Specifically, this included a greater understanding the role of charge extraction rates 
as it is essential factor in achieving the overall stability mechanism. A related contribution here 
was the identification of silver as an electrode material for optimal low contact resistance.  
Furthermore, verification of the process of surface degradation was contributed through 
identification of the loss of organic and inorganic components from the single crystal.  
 
In revealing phase changes for MAPbBr3 single crystal under various temperatures, itself a 
contribution of this research, a further contribution was that the length of exposure was 
significant in effecting such phase changes in MAPbBr3 single crystal specifically.  
Furthermore, this study also contributes that these phase transitions were at higher 
temperatures. Another contribution in relation to heat and associated mechanisms was that an 
increase in temperature resulted in changing the material from a semi-conductor to a conductor.  
 
Finally, the research contributed to understanding the effect of solar spectrum covers 
wavelengths ranging from UV to IR regions on the MAPbBr3 single crystal as it was observed 
that unlike previous studies, light by itself has no effect on single crystal alone. However, the 
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research also contributed that light did have a mediating effect on material stability when the  
single crystal used as part of PV device and photodetectors .   
1.4 Thesis Organisation 
 
 
The thesis is divided into nine chapters. Chapter 2 is concerned with an overview of Hybrid 
Halide Perovskite. Chapter 3 presents the Hybrid Halide Perovskite application and stability. 
The fabrication and various characterisation techniques used in this work is described in 
Chapter 4, while the results and discussion are presented in Chapter 5, 6,7 and 8. A summary 
of the major outcomes from this research and suggestions for future works are introduced in 
chapter 9. 
 
It is important to note that due to the Covid 19 pandemic both photo detectors and solar cells 
were included up to chapter six which involved the selection of electrode materials for the 
devices to be tested. However, chapters seven and eight, which involved testing for heat and 
light respectively, only involved the photodetector device as development of the solar cell 




1.5 Work Presented at Conference 
 
 
        1-‘‘Thermal behaviour of lead bromide perovskite single crystal’’, H. alsalmah, I. Salaoru, 
and S.Paul, Methods and applications of crystal structure prediction: Faraday Discussion, 
11/07/2018 to 13/07/2018, Murray Edwards College, Cambridge, UK. 
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     2-‘‘Investigation of thermally decomposing in lead bromide single crystal perovskite.’’, H. 
Alsalmah, I. Salaoru, and S.Paul, Nature Conference: Minerals and Materials for a sustainable 
future, 11-3 September, 2018.), Trondheim, Norway. 
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This chapter will provide an overview of perovskite materials, including types and their 
characteristics. In addition, there is an extensive description of hybrid halide perovskites used 
in photovoltaic devices, considered as semiconductor materials, through their composition  
structure, their symmetries and phase changes as well as their optical and electrical properties. 
Furthermore, there is an overview of fabrication methods including the deposition of perovskite 
thin film and the growth of perovskite single crystals. 
 
 
2.1 Semiconductor Materials 
 
Generally, conductors, insulators and semiconductors are the main classes for solid-state 
materials. Most optoelectronic devices employ semiconductor materials which act as insulators 
at low temperatures, but upon the application of energy (heat), behave as conductors. At room 
temperature, semiconductors have an intermediate electrical conductivity in the range of 10-6 
to 105 ohm-1m-1. However, the flow electrons and holes can be controlled by adding impurities. 
Therefore, semiconductor materials can be divided into two groups, namely; intrinsic 
semiconductors and extrinsic semiconductors. Intrinsic semiconductors can be made from pure 
semiconductor material such as silicon and germanium, where the number of holes in the 
valence band and electrons in the conduction band are the same. As result, they possess a high 
resistance at room temperature, and hence poor electrical conduction. In contrast, adding
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impurities to the intrinsic semiconductor material is known an extrinsic semiconductor 





Perovskites, as intrinsic semiconductors, are an abundant material in nature which attract the 
attention of material scientists. In modern technologies, perovskites are important because of a 
variety of their structures which can be exploited to exhibit a range of interesting physical 
properties. These properties include superconductivity at high temperatures [1], ferroelectricity 
[2], and metal insulator transition [3]. In addition, it is possible to modify their structure, hence 
their properties, by changing their composition [4]. Therefore, perovskite materials have shown 




2.2.1 Discovery of Perovskite Materials 
 
 
The term ‘perovskite’ was named after Lev Perovski, a Russian mineralogist who discovered 
a perovskite mineral (CaTiO3) in 1839. Perovskites are solid materials and their structure is 
based on a ceramic precursor. Since Goldschmidt successfully produced the first synthetic 
perovskite at the University of Oslo, the term of perovskite has become used as a description 
for the family of compounds that have a similar type of crystal structure as calcium titanium 
oxide (CaTiO3) [5]. The structure of the perovskites was reported by Helen Dick Megaw in 
1945 who characterised the crystal structure of both CaTiO3 and BaTiO3 using x-ray diffraction 
[6].  
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2.2.2 Perovskite General Structure 
 
 
The perovskite structure is ABX3 whereby A is the monovalent cation, B is the smaller metal, 
in diameter, divalent cation, and X represents the anions. The B cation and X anions come 
together to form octahedrons that connect together forming cubic voids. Hence, the crystal 
structure of perovskite compounds has a three-dimensional network of corner-sharing BX6 
octahedrons with cation A with 12-fold coordinated anions as shown in Figure 2.1. 
Furthermore, the structure can incorporate most metal ions with a significant number of 
different anions. As a result, perovskite structure is considered one of the most frequently 
encountered structures in solid state chemistry [7]. 
 
                 
           Figure 02.1:An ideal cubic perovskite structure ABX3 where A+2 ions in the 12-fold cavities set in  the centre of  the 
                                        cubic structure with 3 D net of corner sharing BX6 octahedra
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Charge balancing can be obtained in various ways based on the formal stoichiometry of the 
perovskite structure where the overall charge must be electrically neutral (qA+ qB =-3qX). For 
this reason, there are two main types of perovskite, namely, metal oxide perovskites and metal 
halide perovskites. For the former, metal oxide perovskites, the valence of the two metal cations 
should have a total value of six, (qA+qB =-3qO=6). These types of perovskite can have any of 
the following compositions: I-V-O3, II-IV-O3 and III-III-O3 which means they have elements 
from groups I, II, III, IV from the periodic table, examples of these include KTaO3, CaCrO3 
and GdFeO3. Alternatively, metal halide perovskites have only one possible composition which 
is a I- II-VII3 whereby the two cations should have a total value of three, (q
A+qB =-3qX=3). For 
metal halide perovskites, the monovalent metal can be replaced by an organic cation which 
should have the same charge as the inorganic divalent metal cation [8]. 
 
However, the perovskite structure in figure 2.1 is rarely achieved at room temperature. The 
significant factor that can cause the distortion of perovskite structure is the size in terms of 
diameter of the elements. For example, in order to get a three-dimensional (3D) perovskite 
network, selection of a molecular cation is limited by the void size inside the enclosed 
octahedral. If the size of A cation is too large, then the perovskite structure is broken. 
Furthermore, a transition in the dimensionality of the perovskites exhibit unique chemical and 
physical properties, for example, the symmetry-breaking characteristics of oxide-perovskites 
allows for dielectric properties which includes ferromagnetism, piezoelectricity, 
ferroelectricity [9]. 
Most perovskites have symmetry that is less than a perfect cubic symmetry as can be seen in 
Figure 2.2 (b). There are 16 possible symmetries of the perovskite structure [10]. Where non-
spherically symmetric ions are used, for example, an organic A cation (Figure 2.2 (a)) such as 
those found in methylammonium, it is possible to have more space-group symmetries [9]. In 
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addition, widely used organic components in the A site for hybrid perovskites change the 
perovskite geometry, so the symmetry is reduced in comparison to inorganic perovskites which 
are presented in the next section. 
 
 




It is also likely that octahedral tilts are a result of the smaller size of the A cation. Therefore, 
the geometrical conditions required to obtain a perfect packed perovskite structure can be 
estimated by using the Goldschmidt tolerance factor [11]. For this tolerance factor the following 
relation has to be achieved: t =(𝑟𝐴 + 𝑟𝐵)/√2(𝑟𝐵 + 𝑟𝑋)    (r𝐴, rB and r𝑋 are the ionic radii of ‘A’, ‘B’ 
and ‘X’). When the ratio (𝑡),where there is a deviation from the Goldschmidt tolerance factor, 
there will be a lower symmetry of the A, B and X ions. For example, the stable structure of 
oxide perovskites exists in a range of 0.89 < t < 1. A lower value tolerance factor (t < 0.89 or 
1.0 < t) leads to low symmetry [12]. Alternatively, a stable halide perovskite structure exists in 
the range of 0.85 < t < 1.1. For example, Methylammonium lead bromide perovskite 
(MAPbBr3) has the cubic phase at room temperature, while the structure of lead iodide 
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perovskite (MAPbI3) is in the tetragonal phase because of the large radii of halide (I
− (2.2 Å) 
and Br− (1.96 Å)) [13]. 
Another consideration for a favoured symmetry is the BX6 octahedron which is important in its 
own right as an individual identity, and the ratio 𝜇=rB/rX also referred to as the octahedral 
factor, is required for a favoured symmetry. Empirical structure maps of 𝑡−𝜇 indicate the 
formation window of a perovskite is limited to 𝜇>0.414 for oxide-perovskites and 𝜇>0.442 for 
halide-perovskites [14,7]. 
 
In order to achieve a stable perovskite structure, it is also necessary to calculate the electrostatic 
potential, thus, Madelung (electrostatic, coulomb) potential is a property of the crystal structure 
which depends on lattice energy and site electrostatic energies. For the halide perovskite 
stoichiometry, an electrostatic lattice energy is just –29eV/ unit cell, while the lattice energy 
for oxide perovskite is higher than 105 eV/cell as can be seen in the table below, depending on 
the charge imbalance between the A and B sites. Consequently, a relatively low electrostatic 
lattice energy of halide perovskite structure leads to their instability compared with oxide 
perovskites [8]. 
   Table 2. 1:Lattice energy (eV/cell) and electrostatic potentials (in units of V) for each composition of  















  ABX3 
Stoichiometry Lattice energy(eV/cell) VA (V) VB (V) VX (V) 
I-V-O3 -140.48 -8.04 -34.59 16.66 
II-IV-O3 -118.82 -12.93 -29.71 15.49 
III-III-O3 -106.92 -17.81 -24.82 14.33 
I-II-VII3 -29.71 -6.46 -14.85 7.75 
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In the last decade, numerous reports have been published on the various structures of Organic- 
inorganic hybrid halide perovskite materials, characterisation of their fundamental properties 
and the development of their efficient applications. One such example of these efficient 
applications is the photovoltaic (PV) cell, reaching an efficiency of more than 22% [15] which 
competes with the other existing materials used in PV technologies. In addition, efficient 
optoelectronic properties of hybrid halide perovskite and easy and low-cost fabrication have 
caught the attention of chemistry and materials scientists in different fields, including 
photodetectors [16- 21], solar cells [21-24], LED’s [25-27], x-ray detectors [28-30], lasers [31-
33] and phototransistors [34]. However, for use in PV technologies there are serious concerns 
for its commercialisation because of potentially poor structural stability. This research is 
concerned with such stability under the operating conditions which would include 









The first appearance of the halide in the perovskite structure was in 1958 by Moller [35]. It is 
notable that a variety of halide components allowed the properties of photoconductors in 
CsPbX3 to be tuned [35]. Crystalline properties of hybrid perovskites were described by Weber 
in 1978 in his description of methylammonium lead halide, Mitizi et al. (1995) described the 
electrical properties and molecular structure of a hybrid metal halide perovskite (Sn-based) 
[36,37]. 
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Since then these materials and the associated applications has been a rapidly developing area 




2.3.2 Crystal Compositions 
 
 
As mentioned above, perovskites have a limited number of ions in the ABX3 structure because 
the formal oxidation states of the two cations must be equal to three which means the anions 
can only come from group VII. It is possible for the A cation to be occupied by either an 
inorganic element such as Rubidium (Rb), Potassium (K), or Cesium (Cs) cations, or an organic 
compound such as RNH3 which can be alkyl or phenethyl. Ethylammonium 
(EA=CH3CH2NH3), Formamidnium (FA=CH(NH2)2), Methylammonium (MA=CH3NH3) are 
commonly used as organic compounds [39]. Most B cation is Lead (Pb) and sometimes it is 
occupied by Tin (Sn), Germanium (Ge), or Bismuth (Bi), and as for the X site it may be 
occupied Iodide (I), Chloride (Cl) or Bromide (Br) [40,41]. Furthermore, the site of A, B or X 
ions can be a mix of two or three elements instead of individual components, improving the 
properties of their structure. For example, MA with FA in (MA)X (FA)1-X PbI3 can tune the band 
gap, while increasing Cs composition in (Cs)X (MA)1-X PbI3 leading to improved stability [42]. 
 
There are a number of properties which make these semiconductors materials suitable for 
optoelectronic devices which include a direct band gap, long lifetime of the charge carrier, a 





Page | 20  
2.3.3 Symmetry and Phases 
 
 
The present research is concerned with the use of 3D perovskites. By the spatial arrangement 
of the octahedral inorganic units [PbX6]
-4, the hybrid halide perovskite is able to form different 
dimensions at the molecular level including 3-dimensional (3D), 2-dimensional (2D), 1- 
dimensional (1D), and zero-dimensional (0D) networks. Each group of these materials exhibit 
interesting physical and chemical properties which make these compounds ideal for a variety 
of applications, particularly in optoelectronic devices, including photovoltaic cells, 
photodetectors and light-emitting diodes (LEDs) [42, 47-49]. 
 
           
        Figure2.3: Typical structures and their corresponding conventional materials for perovskite with different  dimensionalities 
        3D (as bulk) , 2D (quantum wells), 1D (quantum wires), and 0D (clusters) , these  images are  reproduced after the 
         permission  from ACS Publications[49]  
2.3.3 
It necessary to point out that the size of A cation can be manipulated in order to get a variety 
of perovskite structures. For example, if the A site is occupied by a monovalent cation such as 
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Rb+, Cs+, CH3NH3
+, and HC(NH2)2
+, then a 3D framework is achieved [47] because the organic 
cations are of a size where they can fit into the inorganic octahedral cage. In other words, each 
inorganic octahedral is connected to six neighbouring halide ions forming a 3D perovskite 
[50,51]. However, if a larger organic cation occupies the A site, it will result in a 2D or 1D 
structure. Therefore, a large A cation leads to the 3D framework being destroyed. For 2D 
perovskite, each metal halide octahedra is connected with four neighbours of CH3CH2NH3
+, 
forming a sandwich between two layers of organics, while a separate infinite chain forms a 1D 
network. This is a result of connecting the inorganic octahedra at two opposite corners with its 
neighbours whether sharing the face, edge or corner [8,47, 52, 53]. For the zero-dimensional 
network, inorganic octahedra, whether individual or as clusters, are isolated by the organic 
molecules [49]. Additionally, halide perovskites must adhere to allowable tolerances so that a 
required crystal symmetry is achieved. This structural dimensionality can be tuned in order to 
achieve the 0D, 1D, 2D and 3D structures, this is achieved through adjustments to the organic 
– inorganic molar fraction [54]. 
The normal structure of the parent perovskite ABX3 is cubic. However, the structure of 
perovskite usually undergoes a variety of structural dynamics which are temperature dependent 
[42]. Since the organic cation cannot be steady in the lattice of inorganic octahedra at room 
temperature and it has low thermal fluctuations during its rotation, there are distinct positions 
for cation molecules with the coordinates x, y, z described depending on the resistance of the 
inorganic octahedron [55, 56]. Therefore, the interaction of hydrogen bonding, which is formed 
between the organic molecule and inorganic framework (X....H-N) is responsible for all 
geometrical changes inside the network [57]. At low temperature phases, cation molecules have 
preferred orientations, while highly disordered orientation is observed at high temperatures [55, 
58]. Due to the conditions when preparing the perovskite sample, such as non-stoichiometry of 
the constituent ions in the precursor salts and rapid crystallisation, it is likely chemical defects 
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are introduced, and its concentration affects the temperature of phase transition. The existence 
of fewer defects leads to the crystal domains staying longer in a specific phase compared with 
a higher number of defects [59-61]. 
 
Weber was the first to describe the dynamic disorder in the hybrid halide perovskite structure 
(MAPbX3, where X= I, Br or Cl) [55]. The perovskite structure has three structural phases, 
namely; the cubic phase, the tetragonal phase and the orthorhombic phase [42,55]. Although 
there are schemes suitable for describing phase transitions for perovskite materials that have 
inorganic cations [10,62], it is necessary to consider the order-disorder transitions of the MA 
cations as organic cations [48]. 
A pertinent question for the present study in relation to the structural phase transitions of 
MAPbX3 is whether or not they affect photovoltaic performance. There have been studies that 
have investigated how the phase transitions affect thermal [63], optical [64], dielectric [65] and 
photovoltaic properties [66]. Experiments with MAPbI3 to determine the electronic structures 
of each of the three phases have found that between the cubic and tetragonal phases the effects 
are relatively minor, but for the transition between the tetragonal and orthorhombic phases the 
effects are much larger [48]. In this study, I have investigated the formation and properties of 




2.3.4 Intrinsic Properties of Hybrid Halide Perovskite 
 
 
Hybrid halide perovskite is semiconductor material, which is based on an interplay of organic 
and inorganic components at the molecular level. It is sequentially repeating, constructing a 
structural network. Thus, useful properties of organic and inorganic materials appear through 
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merging these materials together. Hybrid halide perovskites are non-covalent compounds 
(hydrogen bonding interactions), unlike common semiconductors such as Si, CdTe, GaAs, 
which are covalent compounds [57,67]. A combination of these materials provides the structural 
shape, stability and enhancement of the physical and chemical properties. Within each 
perovskite network, the organic molecule has remarkable properties allowing for cheap 
materials and low manufacturing cost; altering of chemical structure through tuning; 
lightweight materials, and high optical transparency. While the inorganic framework can 
provide interesting properties such as high electric transport, magnetic interactions, notable 
mechanical hardness and more environmental stability [68,69]. 
 
By using the same chemical formula (ABX3), intrinsic multidimensional structures can form 
with different compositions of various components. This variety of structures affords variety 
in chemical and physical properties which make them suitable for various applications, 
particularly photonic devices. Additionally, these materials can be processed in a solution at 
low temperatures while at the same time keeping their high crystallinity, this is in addition to a 
low number of defects in the mesoscopic semiconductor films which further support their 
application in solar cells [70,71]. This processing allows various forms of perovskite materials, 
ranging from nanocrystals to single crystals to be produced. With respect to manufacture, the 
synthesis, which is solution based, is a cost-effective way of achieving crystalline films as 
opposed to high vacuum-based synthetic approaches which use a lot of energy [73]. It is the 
characteristic of the properties of perovskite materials that allow their phenomenal 
performances, of which includes their strong optical performance and adjustable band gap [74- 
76]. Furthermore, it is possible to tune the optical and electronic properties of hybrid 
perovskites [42]. 
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To characterise perovskite materials electrically, it is essentially a quantitative determination 
of properties such as types of charge carriers, concentration of charge carriers and their 
mobility. All are dependent on the method used to prepare these materials [77]. The electronic 
properties of hybrid perovskites are related to their structure, specifically, the bond between B 
and X that is found in the inorganic framework. Although it is important to note that the A 
cation does not directly affect the electronic properties, the size of the A cation can contribute 
to distortion between the B – X bond which can have a negative effect on the symmetry 
[52,78,79] to such an extent that the 3D framework could be destroyed in addition to reduced 
dimensionality. In hybrid perovskite materials, the electronic levels in the BX6 octahedral 
contribute to the electronic properties. In methylammonium Methylammonium lead bromide 
(MAPbBr3), for example, the valence band (VB) consists of strong coupling between Br-4p 
and Pb-6s orbitals (lone pair), while the conduction band (CB) consists of a mixture of Pb-6p 
and others orbitals from the conduction band [17, 78, 80,67]. 
 
Concentration of chemical defects affects electronic properties since these defects act like trap 
states located somewhere between the conduction band and valence band. Defect density can 
be reduced by light which leads to improved electrical characteristics [59, 61].  
 
The symmetry or cubic symmetry is important for perovskite materials because it allows for 
optimum properties, and there are a number of reasons for which a deviation tolerance could 
take place including size effects [42]. If crystal atoms are mismatched beyond what is 
acceptable it can lead to octahedral tilting which has an effect on the electronic properties of 
the material. 
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2.3.4.2  Intrinsic Optical Properties 
 
 
Hybrid perovskites exhibit physical properties including a direct band gap and a high 
absorption coefficient which compares to semiconductor materials such as amorphous silicon 
(a-Si), single silicon (c-Si) and Gallium arsenide (GaAs). It can be seen that a thin layer of 
perovskite material (500 nm) has a higher absorption coefficient than others, obtaining good 
photocurrents. 
The high absorption coefficient in hybrid halide perovskite is related to the high symmetry and 
hence a direct band gap and high probabilities of optical transition (p-p) where it is enabled by 
the Pbs orbital lone pair [39,67, 80,81]. 
 
                       
                        Figure2. 4: Absorption coefficient for various semiconductor materials namely; c-Si, a-Si:H, GaAs and 





This strong optical absorbance allows for absorption across the visible light spectrum from a 
thickness of only 500nm of perovskite film. It is possible through the modification of hybrid 
perovskite materials to extend optical absorption performance which is an important property 
in designing optoelectronic devices. For example, the absorption spectra for MAPbI3 and 
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MAPbI(3-x)Clx are virtually the same, with absorption onset at approximately 800 nm, however, 
MAPbI(3-x)Brx gives an absorption onset at 700 nm [74, 83,84]. 
 
 
2.4 Preparation Methods of Hybrid Halide Perovskite 
 
Hybrid perovskite-based materials can provide noteworthy properties when used in 
optoelectronic devices, such as broad absorption, tuneble optoelectronic properties, high charge 
mobility, and long carrier lifetime. Within a few years, many intensive investigations have been 
based on the preparation of high-quality perovskite devices. This is related to the fact that the 
efficiency of the devices is determined by the purity of polycrystalline perovskites, 




Despite the fact that most reports have been focused on the perovskite in polycrystalline form, 
the single crystal is another form of perovskite that has exhibited as a single grain without the 
appearance of any grain boundaries. Generally, both types of perovskite are made from a 
solution process which is considered to be easy and low-cost. However, each form has specific 
techniques for fabrication. Here, these fabrication techniques are summarised. 
 
 
2.4.1 Perovskite Thin Film Deposition 
 
 
Lead halide perovskites have been produced by two popular methods namely, solution- 
processed technique and vapour deposition. Precipitation from a solution is a common 
technique because it uses simple and inexpensive equipment. However, deposition from the 
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vapour phase is known to provide better uniformity in the deposition layer compared to the 
solution processed technique. 
 
 
2.4.1.1 Solution Processed Technique 
 
 
Spin coating is the most common technique used for preparation of perovskite thin film 
compared to doctor-blade coating, spray coating and inkjet printing [85]. The one-step method 
uses spin coating for the deposition of the precursor solution of perovskite directly onto the 
substrate, then an annealing treatment is immediately carried out on the sample in order to form 
larger crystal grains [86]. To obtain more high-quality perovskite thin films, this technique was 
developed using a two-step solution process including the sequential solution deposition 
method and the vapor-assisted solution process. The sequential solution deposition method is 
a simple technique which consists of two steps. The first step involves spin coating only an 
inorganic component solution instead of the complete precursor solution. The second step 
involves dipping the substrate into the organic component [76]. After heating at a suitable 
temperature, perovskite is formed and crystallised into a thin film. Compared to the sequential 
solution deposition method, the vapour treatment is used in the vapor-assisted solution process. 
After depositing the inorganic component from the solution onto the substrate by using spin 
coating, the organic component vapor was spread out on the substrate. Finally, a perovskite 
thin film formed after heating the substrate [87]. Moreover, although the preparation methods 
seem to be different, they demonstrate that adjusting parameters in any steps such as 
temperature, treatment time, speed of spinning and the concentration of solutions are effective 
controllers to gain high quality film, hence high-performance devices. 
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                           Figure2. 5 : Solution techniques for deposition of perovskite layer: (a) one-step method, 




2.4.1.2 Vapour Deposition 
 
 
Vapour deposition is a technique that uses condensation, or the reaction of vaporised materials 
in order to prepare perovskite thin films over the substrates. A high uniform perovskite film can 
be produced by one step (dual source vapor deposition) or two steps (vapor-assisted solution 
process and sequential vapour deposition). Dual source vapor deposition or vacuum deposition 
is a quick deposition technique in which the organic and inorganic source are co-evaporated 
and reacted onto the surface of the substrate in the vacuum system, forming a perovskite thin 
film with a uniform step coverage. Due to difficulty in monitoring the deposition rate of the 
organic source, sequential vapour deposition was developed, in which the vapour of the 
inorganic source was deposited first into the substrate, followed by deposition of the organic 
component vapor [88]. Although this method requires relatively high energy for film 
fabrication compared to the solution process, which was explained above, it provides better 





(a) (b) (c) 
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                                    Figure2.6: Vapour techniques for deposition of perovskite layer: (a) one-step method, 







2.4.2 Single Crystal Perovskite 
 
It is known that the polycrystalline thin film can be produced by the solution method where the 
annealing procedure assists to gain better crystallisation and a highly uniform thin film. 
Similarly, the solution method is always used for growing hybrid halide perovskite single 
crystals [19, 90-92]. Generally, the term "crystal'' refers to a solid object in which the 
constituent atoms, molecules, or ions are exhibit a regularly ordered, periodically repeating 
pattern in three dimensions [93]. 
 
 
High-quality hybrid halide perovskite single crystals answer a number of the disadvantages of 
polycrystals, this is because they have no grain boundaries due to a continuous crystal lattice 
and the fact that there are no defects which afford the single crystal structure its optical 
properties [94]. The superiority of the single crystal structure in hybrid perovskites has been 
reported in a number of studies [19,17, 90-92] whereby the optoelectronic properties are 
superior to the polycrystalline structure, this includes longer carrier lifetimes and mobilities 
and therefore, significantly longer diffusion lengths. [94-97]. 
(a) (b) 
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Single crystal perovskites have consistently shown better results in terms of diffusion length, 
lifetime, mobility and trap density for MAPbBr3 and MAPbI3 respectively (see Table 2.2).         











 They have been extensively studied as single crystal structures in comparison to polycrystalline 
structures [94;95;70; 98]. For example, the trap densities for hybrid perovskite single crystals 
have been shown to be lower than polycrystalline film. Specifically, single crystals appear to 
have a trap densities values of ~109 - 1010 cm3 while polycrystalline films have trap densities 
value of ~1015 - ~1016 cm-3 . These very low to moderate trap densities are often observed in 
high quality semiconductors such as Silicon, whereby the single crystal structure yields a trap 
density of 109 – 1011 cm-3 compared to 1013 – 1014 cm-3 for the Silicon polycrystalline structure 
[91]. 
 
These low trap densities, low non-radiative recombination losses, high radiative efficiency, and 
long carrier diffusion lengths mean they have comparable performance with silicon and could 
have better optoelectronic performance overall [24, 99]. Beside tunable electrical and optical 
properties of hybrid halide perovskite, there are a number of properties that have been attributed 
to perovskite single crystals which include broad absorption from the near visible to near-












4.3 µm 10.0 µm 
Lifetime 
 
28 ± 5 ns 18 ± 6 ns 
Mobility 
 
24.0 cm2/Vs 67.2 cm2/Vs 
Trap Density 
 
3 × 1010 cm−3 1.4 × 10
10 cm−3 
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Since the optoelectrical properties of hybrid halide perovskite materials, and their device 
efficiencies are directly affected by the microstructure of hybrid halide perovskite, perovskite 
single crystals offer the possibility to study the fundamental intrinsic properties of hybrid halide 
perovskites [102, 103]. 
 
2.4.2.1 Single Crystal Growth 
 
 
Since crystal growth is a controlled phase transformation, the process of forming single crystals 
from a homogenous medium has captured the interest of both people from industries  and 
academic institutions due to the fact that the fabrication of devices from crystals critically 
depends on the homogeneity and quality of the single crystal. In addition, both separation and 
purification occur during a single operation which leads to gaining a crystalline solid with a high 
level of purity and low operating cost. Furthermore, the process of crystallisation can control 
the thickness and amount of crystals formed [19,90,91]. 
 
To grow hybrid halide perovskite single crystals, the supersaturation solution can be achieved 
by different methods. To date, mainly three different methods have been extensively reported 
which are the temperature-lowering method, anti-solvent vapour diffusion method and inverse 
temperature crystallisation method. 
 
 
A. Temperature-Lowering Method 
 
 
Temperature –lowering solution growth is widely used in the growth of bulk crystals because 
it is a relatively simple technique and produces good quality crystals. The basic principle of 
this method is to produce single crystal perovskite by cooling the precursor where the 
supersaturation is achieved by lowering the growth temperature [55, 104,105]. This method is 
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suitable for the preparation of crystals for materials having poor solubility in their solvents at 






                                    Figure2.7: a) Illustration of crystallisation of BSSG method showing the position  




The temperature lowering technique is used for the growth of large sized hybrid halide crystals 
with adjustable thickness [105,106]. After obtaining the small crystals from spontaneous 
nucleation, these crystals are selected as seeds and dropped back into the precursor solution, 
continuing with the temperature-lowering process. There are two ways employed based on a 
fixed position of the seeds which are the top seeded solution growth method (TSSG) and the 
bottom seeded solution growth method (BSSG). The principles of both processes have been 
illustrated in Figure 2.7. The top seeded solution growth method (TSSG) is the first version 
where seed crystals are placed at the coldest point of the solution and its growth stops when the 
solution becomes saturated. While the bottom seeded solution growth method (BSSG) is when 
seeds are put at the bottom of the medium [104,105]. However, these methods are highly time- 
(a) 
(b) 
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consuming. In order to gain a one-centimetre sized crystal, it might typically take more than 
two weeks, resulting to limits in its extensive use [105,107]. 
 Additionally, these methods require applying a range of temperatures which is another 
disadvantage. Furthermore, there is a narrow temperature range that is suitable for growing 
crystals which means much of the solute dissolved in the solution remains without any benefit 
at the end of the grow period [108]. 
 
 
B. Anti-solvent Vapour Assisted Crystallisation Method (AVC) 
 
 
Anti-solvent vapour (AVC) diffusion is the most typical method used to grow crystals and is 
suitable for those materials that are highly soluble in certain solvents but are poorly soluble in 
others [109]. Using the AVC method, a supersaturated solution can be achieved by slow 
diffusion of anti-solvent, which is usually a solvent with poor solubility of the perovskite, in a 
perovskite precursor solution. The size of the crystals is up to few millimetre. The working 




                           
                                                  Figure2. 8:Schematic of the Anti-solvent vapour diffusion apparatus  
                                                           and Methylammonium lead bromide perovskite crystal growth 
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An anti-solvent vapour diffusion method was recommended for the small sized, high quality 
growth of perovskite single crystals. The Shi group (2015) argued that this method has high  
applicability and efficiency for the growth of single crystals for hybrid halide perovskites [91]. 
However, this method has rapid precipitation leading to the formation of small crystals. Hence, 




C. Inverse Temperature Crystallisation Method (ITC) 
 
 
The Inverse Temperature Crystallisation (ITC) method is widely used for growing single 
crystals in which the precursor solution is not saturated and slowly becomes a supersaturated 
solution by evaporation of the solvent. It is usually heated up in an oil bath at a fixed 
temperature rather than cooling it down, resulting in obtaining perovskite crystals at the bottom 
of the solution. Compared to the temperature lowering method, it is suitable for substances that 
have a high solubility at room temperature in particular solvents, but the solubility decreases 
with an increase in temperature. For example, inverse temperature solubility behaviour is 
exhibited for MAPbBr3, MAPbI3, and MAPbCl3 single crystal in the solvents DMF, GBL, and 




                                                Figure2. 9: Schematic of the Inverse temperature crystallisation apparatus 
                                                     and Methylammonium lead bromide perovskite crystal growth 
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Additionally, the continuous enlargement of the crystals can be obtained by replacing the 
growth solution which depletes with the passage of time and using a template for controlling 
the shapes of the perovskite single crystals [113]. Importantly, a large-area and high-quality 
perovskite crystal film grown by using this method [114]. 
 
Distinctively, this method not only produces the large-sized (millimetres to centimetres) hybrid 
organo-halide perovskite single crystals at very fast rate, but it also maintains their carrier 
transport properties compared to other crystallisation methods [90,91,113, 115].  
 
The ITC method has been chosen as a method of choice for the crystallisation of MAPbBr3 for 







This chapter has provided an overview of perovskite materials, their types and characteristics. 
Specific attention has been shown towards the organic—inorganic hybrid halide perovskite 
towards an understanding of the instability process in perovskite materials used in photonic 
applications. The composition of hybrid halide perovskite, their symmetry and phases were 
discussed which directly impact on their optical and electrical properties. In addition, 
fabrication methods of hybrid halide perovskite are highlighted, including deposition of 
perovskite thin film and  growth of perovskite single crystals. 
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Perovskite solar cells have developed over a short period of time, and now compete with other 
photovoltaic technologies. A background of photovoltaic cells and photodetectors is introduced 
in this chapter, including a presentation of device structures and associated working 
mechanisms. Furthermore, due to a lack of perovskite stability, related to material compositions 
and device structures, the applications of lead halide perovskite solar cells are limited in this 
research study. Therefore, the chapter will also address these stability challenges that are faced 
by perovskite devices towards an understanding of relevant stability mechanisms for hybrid 
halide perovskite single crystal photovoltaic and photodetector devices. 
 
3.1 Photonic Device 
 
In reference to the application of hybrid perovskites in photonic devices it is necessary here to 
categorise these devices. Generally, such devices come under one of two categories namely; 
photovoltaic devices concerned with power generation , and photodetectors which convert 
optical energy into electrical signals. 
 
3.2 Background of Photovoltaic Cells 
 
The mechanism of the photovoltaic effect was first discovered in 1839 by Edmond Becquerel, 
using silver halides [1], to be later developed where the effect was seen in Selenium at the end 
of the 19th Century [2] and later at the beginning of the 20th Century where it was observed 
using Copper-Copper Oxide junction and Silicon [3].  
Page | 46  
Photovoltaics (PVs) is the process of converting light directly into electricity using solar cells 
[4]. Although the photovoltaic effect was discovered in the 19th Century, it was only scientific 
breakthroughs that took place later in the 20th Century that would allow this effect to be exploited; 
specifically, this included the development of quantum mechanics and semiconductor 
technology [4]. Because at that time production costs were high, and the use of photovoltaics 
was restricted to applications in locations where there is no electrical infrastructure. it is 
observed that space solar power technology have developed remarkably since the first solar-
powered satellite was launched in 1950s. Space solar cell is a suitable application that fitted 
well with the nature of photovoltaics whereby there was a need for standalone systems, to avoid 
heavy energy resources and long term autonomous dependence on energy together with 
durability, reliability and efficiency and being a low-weight technology [5]. 
 
The current status of PV technology and possibilities for the future  could be categorised into 
three generations, the first generation being the current situation, the second generation being 
amorphous or polycrystalline silicon, extending to the third generation in the future [6]. 
 
In reference to the current situation, or first generation, it is dominated by the use of single- 
crystal and multi-crystalline silicon as single junction solar cells. These devices which are based 
on a single junction silicon wafer were originally developed using a silicon ingot which was 
suitable for large scale production [7] where each wafer could produce an output of between 2 
– 3 watts per square meter. They are commonly used due to their high efficiencies [8]. This 
first generation of solar cells can be divided according to one of two levels of crystallisation. 
Firstly, where the entire wafer is comprised of only one crystal it is referred to as a single crystal 
solar cell, and where it is comprised of crystal grains, it is referred to as a multi-crystal solar 
cell [6].  
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the efficiency of the single crystal solar cell is considered higher compared to the multi-crystal 
solar cell. However, the production of the multi-crystal solar cell is easier and more cost 
effective [8].  
 
The second generation was based on the removal of unnecessary material through the use of 
thin film, while at the same time maintaining the efficiency of the first-generation PV devices 
[6]. Second generation PV technology used amorphous or polycrystalline silicon on glass 
substrates and were more efficient than single crystal [7]. Specifically, they were focussed on 
using a-Si thin film solar cells, copper indium selenide solar cell (CIS), copper indium gallium 
selenide solar cell (CIGS), and Cadmium telluride solar cell (CdTe). However, CIGS is 
expensive due to the rarity of indium and the structure may be difficult to manufacture and the 
Cadmium in CdTe is toxic. While the efficiencies of these materials were less they did cost less 
than the first generation and importantly, they had an aesthetic advantage in that they are applied 
directly to different surfaces [6]. Furthermore, it is possible to grow these thin films on flexible 
substrates on large surface areas of up to 6m2 as opposed to wafer based solar cells which are 
limited to wafer dimensions [8]. 
 
The second-generation PVs were much more economically viable and therefore, overcame the 
associated limitations of the first generation. However, it has been this trend of cost reduction 
which has driven the need for more efficient devices to meet the cost reduction trend [7]. This 
has seen the advent of a third generation of devices that have ultra-high efficiency for the same 
costs of production. The third generation of PV technology like Organic solar cells and hybrid 
solar cells takes advantage of the low-cost substrates and thin film concepts with the additional 
use of single crystals. Compared to other PV technology, perovskite solar cell has shown a 
quick development in the short time in the history of solar cell field. 
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3.2.1 Working Principles of Solar Cells 
 
 
Perovskite-based solar cells essentially possess two main features in their structure. Firstly, 
perovskite material as the absorber layer possesses optical properties such as high absorption 
coefficient, large dielectric constant and low exciton binding energy. Secondly, charge carriers 
that can be effectively transported and selectively collected by the hole and electron 
transporting layers. 
 
Although the working mechanism of perovskite solar cells is not very well understood until 
now, the common working principle of any solar cell has ability to convert solar energy into 
electricity involves four main processes, namely, absorption of incident photons, creation of 
free electron-hole pairs, free charge carrier transport and the collection of charge carriers at 
respective electrodes [9], each of which will be described in the following. 
 
In reference to absorption of solar energy from the sun, it comes in the form of photons. It is 
possible for some photons to be absorbed by certain material which depends on the energy 
levels in the material itself (Band gap) and the quantum energy of the photon. Where the photon 
is absorbed the energy is taken by a carrier changing it from a ground state to a higher energy 
state and this carrier releases its energy, in numerous possible ways, so that it can return to its 
original ground state. Importantly, the time that the carrier is an excited state should be longer 
than the time required to extract the carrier. Furthermore, if the maximum of the valence band 
and the minimum of the conduction band have the same value of momentum, then it is referred 
to as a direct bandgap semiconductor. There are some semiconductor materials providing a low 
probability of absorption than the direct absorption. This is due to the momentum of maximum 
energy of the valence band not having the same momentum at the minimum in the conduction 
band energy, thus, they are called an indirect bandgap semiconductor. 
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The creation of electron-hole pairs involves the excited electron to be excited to the conduction 
band which results in an electron vacancy, referred to as a hole which is in the valence band. 
This electron-hole pair is attracted to each other due to Coulombic force which affords a 
stabilising energy to the electron-hole pair whose energy is slightly lower than the unbound 
electron in the valence band. As a result, an exciton is created which is a quasiparticle with a 
neutrally bound state due to the photon absorption. In a material this results in either a bound 
exciton or an unbound free charge, which is dependent upon the exciton in that particular material 
and the associated thermal energy which breaks the exciton. In the case of the researched 
materials(MAPbX3), electron-hole pairs which are weakly bound which leads to the generation 
of free charge carriers [10] 
 
In reference to the transport mechanism, upon the creation of the free charge carriers, the charge 
has to be separated to its respective polarity in each electrode through the application of an 
electric field, forces the charges which have opposite polarity in opposite directions achieved 
using a Schottky junction or a p-n junction [9]. Using these approaches the fermi level would 
be equalised leading to the formation of a depleted region close to the junction which results in 
an increase in energy fields due to the band bending . 
 
An important consideration in the transport mechanism is recombination, whereby the electron 
and holes recombine and return to the original ground state, this results in a reduction in the 
charge collection and thus current output. There are two type of recombination; namely band- 
band recombination which usually releases a radiative energy, and Shockley-Read-Hall (SRH) 
recombination where the amount of non-radiative energies depends on the number of trap 
states. 
Now that the charges have been efficiently swept to the edge of the bulk they are now required 
to be collected at the electrode, this is possible through the formation of an ohmic contact 
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between the active semiconductor material and the electrode. Importantly, the collection of 
charge carries is controlled by the work function of electrodes. If the electrode has a higher 
work function than semiconductors, the electrode would be able to collect the holes. While, 
low work function should be used for collecting electrons. 
 
         
                          
 
                               Figure3. 1:Schematic of ideal solar cell operation after absorbing incident light. 
 
3.2.2 Hybrid Halide Perovskite Photovoltaic Cells 
 
 
Perovskite solar cells use perovskite materials for light absorption for photovoltaic activity. 
They are an emerging family of materials for use in photovoltaic applications because of low 
cost, the abundance of raw materials, scalable fabrication, and especially the ability to 
efficiently convert light into electrical power [11]. Moreover, hybrid perovskites in 
photovoltaic applications possess unique optical and electrical properties which include high 
carrier mobility, quantum efficiency, efficient light harvesting, a high absorption coefficient and 
low trap density of states [12]. Among the qualities that are required for hybrid perovskites in 
solar applications, is that it would only require a thin layer of active material due to their 
efficient light harvesting [11]. 
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The first application of organic-inorganic perovskites was in dye-sensitised solar cells in 2009 
by Miyasaka and his colleagues. They used different perovskite materials, namely, 
methylammonium lead bromide (MAPbBr3) and methylammonium lead iodide (MAPbI3) 
perovskites. Despite the fact that both perovskite solar cells were not stable and their power 
conversion efficiencies (PCE) were 3.13% and 3.81% respectively [13], perovskite based solar 
cells have received extensive attention and have improved rapidly in a short period. Perovskite 
solar cells have demonstrated that they can be quite promising solar cell because of their high 




3.2.3 Device Architectures of Perovskite Solar Cells 
 
 
The overall performance of perovskite photovoltaic cells is highly dependent on their 
architecture including materials and preparation methods for deposition of the perovskite and 
other layers. The typical architecture of perovskite device usually contains a thin perovskite 
absorber layer which is designed to be between electron transporting layers (ETL) and hole 
transporting layers ( HTL). Based on their structures, perovskite solar cells can be classed into 
five types, namely; mesoporous structure, planar (p-i-n and n-i-p) structures, ETL/HTL-free 
structure (including single crystal structure) and tandem cells. 













Since the first mesoporous structured solar cell (MSSC) was reported in 2011, hybrid halide 
perovskite materials have gained significant attention in various photonic applications, 
particularly for perovskite solar cells. This structure usually consists of a thin layer of 
perovskite, a compact layer (typically TiO2), a mesoporous TiO2 or Al2O3 layer, a hole transport 
layer (HTL), and a metal electrode. Each layer in this structure has a specific function. For 
example, the mesoporous layer essentially increases light absorption inside the cell, and 
prevents contact between the compact layer and the hole transport layer [14], while metal oxide 
materials, such as TiO2 ,SnO2 and ZnO, as a compact layer can be used as an electron transport 
layer for preventing shunting and leakage currents under reverse bias [15]. Importantly, this 
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results in a high rate of charge extractions when using, for example, mesoporous TiO2 scaffolds, 
as can be seen in table 3.1 [14,16,17]. However, a mesoporous TiO2 layer causes a reduction in 
the stability of the device compared to other scaffold materials. This is attributed to form defects 
such as titanium interstitials and oxygen vacancies, which prevents electron transport [17]. 
 
 
       Table 3. 1Mesoporous structured solar cell device structures (MSSC) and associated efficiency increase. 
Device structure PCE (%) 
 
FTO/ Compact TiO2/mp-TiO2/quantum dot of MAPbI3/redox liquid 
electrolyte/Pt 
6.5 [16] 
FTO/ Compact TiO2/mp-TiO2/ nanoparticles of MAPbI3/spiro-OMeTAD/Au 9 [17] 
FTO/ Compact TiO2/mp-Al2O3/nanoparticle of MAPbI3-xClx/spiro-MeTAD/Ag 10.9 [18] 






3.2.3.2  Planar Heterojunction Solar Cells 
 
 
Planar heterojunction solar cells are used in order to gain long-term stability with high 
efficiency. They usually consist of perovskite thin films which are sandwiched between the 
electron transport layer (ETL), and the hole transport layer (HTL) without containing 
mesoporous scaffolds [20]. The structure of planar heterojunction solar cells can be categorised 
as direct (n-i-p), or inverted architecture (p-i-n) based on the location of the transparent 
conducting substrate. In the n-i-p structure, for example, the incident light passes into the device 
starting from the ETL. 
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Since the first planar structure reported in 2013 by Jeng, most perovskite solar cells with the 
planar structure are achieved through making adjustments to this structure, such as modifying 
the configuration of the device and the morphology of the active absorber, as can be seen in 
Table 3.2. [21-23]. 
 
In consideration of the performance of perovskite solar cells, improved stability derived from 
the planar structure has been extensively reported. For example, Chen (2015) and his group 
demonstrated the power conversion efficiency (PCE) of the inverted planar structure of 
MAPbI3 based on ZnO slightly decreased to 90% of initial device efficiency after 1000 hours 
of illumination [12]. 
 
                   Table 3. 2: Planar heterojunction solar cell device structures and associated efficiency increases 
 
Device structure PCE (%) 
 
ITO/PEDOT: PSS/MAPbI3 /C 60 /BCP/Al 
3.9 [ 27] 
 
ITO/np-SnO2/thin film of MAPbI3/spiro-OMeTAD/Ag 
13 [28] 
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It is necessary to note that most planar heterojunction solar cells have an inverted architecture 
which exhibits a low hysteresis in J-V curves, originating from electronic defects and mobile 
ionic species rather than from ferroelectricity, which directly affects the efficiency and stability 
of the solar cell [24,22]. Additionally, inserting mesoporous TiO2 (500nm) in the perovskite 
planar solar cell can also reduce the hysteresis by facilitating charge extraction and inhibiting 
accumulation at the interface [25]. Replacing the compact TiO2 layer with an organic layer such 
as n-type in the perovskite solar cell can positively affect the hysteresis in J-V curves, in fact, 
negligible hysteresis can be achieved by using a fullerene organic layer [26]. 
 
 
3.2.3.3  HTL/ETL Free Solar Cell 
 
 
HTL (hole transporting layer)-free solar cell means the metal electrode is deposited directly 
without the need for the HTL. This allows the layer of perovskite to work as an absorber and 
hole conductor, forming a heterojunction with ETL (electron transporting layer). The problem 
with this structure is that the metal electrode may react with the perovskite, especially halide 
ions, affecting the long-term stability of cells [22].  
 
                            Table  3.3: HTL/ETL-free solar cell device structures and associated PCE increase 
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A HTL-free solar cell offers the opportunity to understand the working mechanism of 
perovskite solar cells [22]. 
The ETL is not necessary for perovskite solar cell structure because ITO, or FTO, which 
are usually used as a cathode, can act as the ETL layer. Furthermore, very low stabilised 
PCE in some ETL free solar cells is observed, although they do afford a high-power output  
[22]. Perovskite solar cells without these layers have been reported, as can be seen in Table 
3.3. 
 
3.2.3.4   Single Crystal Solar Cell 
 
 
Hybrid halide perovskite single crystals have exhibited superior optoelectronic properties and 
are used in a number of different device applications. Here the use of these single crystals in 
solar cells is addressed. Moreover, most solar cell devices have been demonstrated using 
perovskite thin film, however, research about the use of perovskite single crystals in solar cells 
is still limited. 
 
Perovskite monocrystalline (single crystal) solar cells were first demonstrated by Zhao et al. 
(2015). They observed that although there was a low photocurrent under illumination (12nA) 
in large-scale MAPbBr3 single crystals, there is no current attenuation for all the regions of the 
single crystal that were measured, and the photocurrent was distributed equally over the surface 
of the crystal [35]. Importantly, Dong (2015) and his group reported that the diffusion of the 
charge carrier in a MAPbI3 single crystal can be more than 175 micrometres under 1 sun of 
illumination, while it can exceed 3 mm under weak light [36]. Bakr’s group (2016) obtained an 
ultra-stable perovskite device over 48 hours with a PCE above 5%. Additionally, it is also 
possible to increase the efficiency of hybrid perovskite solar cells by decreasing the thickness 
of the single crystal [37].  
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The results here prove that single crystals in these devices offer superior optoelectronic 
properties, and although the bulk size of the single crystal is difficult to fabricate as a solar cell, 
this problem has been overcome by Dong et al. (2016) who made a lateral structure using 
piezoelectric poling [36]. 
 
                          Table 3. 4: Single crystal solar cell device structure and associated PCE increases 

















The thickness of the perovskite single crystal should not exceed its carrier diffusion length (tens 
of micrometres), thus achieving high output power in solar cells. Therefore, considerable 
attention has been drawn to prepare methods for fabrication of thin single crystal solar cells. 
For example, Chen et al. (2017) improved the output power of single perovskite solar cells by 
growing thin MAPbI3 single crystals directly onto the hole transport layer [38]. Alternatively, 
a MAPbI3 single crystal of ∼20 μm thick was 
grown by using an inverse-temperature crystal growth method between PTAA substrates, and 
it yielded a cell with a power conversion of 21.09% [39]. 
 
To understand the working mechanism of perovskite single crystal solar cells and thoroughly 
investigate the stability of Methylammonium lead bromide perovskite single crystals, without 
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the need for numerous layers, a device structure was adopted in this research similar to that of 
HTM/ETM- free solar cells and single crystal solar cells. 
 
3.2.3.5   Tandem Solar Cell 
 
 
The value of open-circuit voltage affects the power output of single junction solar cells, and 
the open-circuit voltage is limited by the band gap of the absorber. A narrow band gap produces 
a low open circuit voltage, while a wide band gap can produce high open circuit voltage, but 
the short circuit current can be low because there are less photons to create photocurrent. 
However, connecting narrow band gap solar cells with wide band gap solar cells in series can 
improve all the parameters of the solar cell. This structure is known as the tandem structure of 
which there are two types of perovskite tandem solar cell, namely 4-terminal, and 2-terminal, 
whereby the 4-terminal device is made from stacking two 2-terminal devices on each other 
[22,14]. 
 
Mailoa (2015) and his group made a 2-terminal tandem solar cell which consisted of a 
semitransparent perovskite cell (top cell) and a Si or CIGS cell (bottom cell) connected by the 
Si tunnel junction. The PCE of this cell was 13.7 % which is lower than the efficiency of an 
individual cell of either Si or perovskite [40]. Alternatively, all perovskite tandem cells can 
improve the PCE because of their tunable band gap. Theoretically, a perovskite tandem solar 
cell consisting of FAPbI3 (low bandgap) and MAPb(I1-XBrX)3 (high bandgap) can achieve a 
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3.3 Photodetectors 
 
Photodetectors are concerned with detecting optical signals and converting them to electrical 
signals. Photodetectors include a number of different devices such as photoconductors, 
photodiodes and phototransistors. Photodetectors are widely used in a number of applications 
and devices which include ambient sensors and image sensors used in wide variety of fields 
including biomedical imaging and spectrometry [41]. 
 
Photodetectors are designed to work for a particular wavelength associated with their particular 
function, as opposed to solar cells which are designed to detect light across the solar spectrum, 
specifically from the infrared (IR) region to the visible spectrum to the ultraviolet (UV) region 
[42]. Photodetection in the ultraviolet (UV) region has drawn an extensive attention because of 
the wide variety of UV photodetectors applications. 
 
A high-performance photodetector (semiconductor materials) should meet the requirements 
which are high responsivity (the ratio of the photocurrent to the intensity of applied light), high 
response time (the time spent for charge carriers to cross the depletion region), high stability, 
and low electrical noise for reducing any errors [43]. An important attribute of photodetectors 
is the absorption coefficient [44] which is indicated by the depth of penetration of radiation 
[42]. Another important attribute of photodetectors is their response time, which is particularly 
important when the light radiation is received in pulses, this response time is dependent upon 
the carrier generation rate which needs to be faster than the arrival of the next radiation pulse 
[42]. 
 
There are four main types of photodetector. The first type is III-Nitride Semiconductor System, 
the most common components in this type photodetector are AlGaN and InGaN-based 
photodetectors. The former consists of AlGaN films which are usually deposited on GaN 
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templates, and widely used to detect UV radiation. The latter, InGaN-based photodetectors 
offer a potentially better approach for detecting optical energy in UV-A visible-blind (320–400 
nm) better than Si photodetectors, due to their tunable direct bandgap. The second system is 
based on Silicon carbide (SiC), this type shows good potential for high-temperature, high- 
power, high-frequency, and radiation hardened applications. The third type, the Diamond 
photodetector, is another candidate in the photodetection field, it provides high-performance 
deep UV detectors with high thermal conductivity and mobility. The fourth system is the hybrid 
photodetector which is based on using organic semiconductor materials. Although attention has 
been paid to the manufacture of photodetectors that are high performance and inorganic 
material-based, including the use of materials such as silicon and gallium phosphide, their 
manufacture is both time consuming and expensive [44]. Specifically, the process uses 
expensive substrates, high temperatures, ultrahigh vacuum and rigorous fabrication 
[44].Therefore, there is a need to simplify and reduce the cost of the manufacturing process of 
photodetectors, this would require a strategy that is low temperature, solution-based and 
exploits hybrid materials [44]. However, photodetectors made using these approaches are beset 
with small responsivity [45], low specific detectivity [46], slow response time [47] and large 
dark current [48]. 
 
Furthermore, while all the photodetectors above are thermally stable detectors, the 1D 
nanostructure photodetectors are sensitive to the temperature due to their small dimension and 
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3.3.1 Working principles and Device Architectures of Photodetectors 
 
 
The architectures of photodetectors are designed to meet different applications, however, 
generally, there are two main architectures for these devices, namely, lateral and vertical 
structures [49]. Lateral structured photodetectors include phototransistors and 
photoconductors, and those based on the vertical structure include photodiodes. 
Photoconductor and photodiode devices have a two-terminal structure with a cathode and an 
anode, and phototransistors have a three-terminal structure with a source, a drain and a gate 
[50]. Furthermore, the main parameters of photodetector’s operation are responsivity and 




        Figure3. 3: Schematics of (a) photoconductor, (b) photodiode with vertical structure, and (c) phototransistor , these  images are  




3.3.1.1  Photoconductors 
 
 
Photoconductors, in contrast to photodiodes, show a slow response and a high driving bias. 
These attributes are a result of large electrode spacing required for a high photocurrent at the 
cost of response speed [51]. This ability of photocurrent amplification or gain affords high 
sensitivity, even in poor light conditions. The basic structure of photoconductors is comprised 
of the active material sandwiched between two electrodes to form an ohmic contact. The 
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specific mechanism involves a charge carrier being recirculated through the symmetrical 
contacts before it is recombined with the opposite charge [49]. The basic working principle of 
the photoconductor is to change the electrical conductivity as a function of the intensity of the 
light. 
 
3.3.1.2  Photodiodes 
 
 
The configuration of a photodiode can be either conventional or inverted and the presence of 
interface layers reduces dark current leading to high detectivity [49]. The different work 
function of each electrode controls the photogenerated carriers and a reverse charge is applied 
in order to increase the efficiency of the charge collection, as opposed to solar cells which 
function within a circuit receiving an external load [49]. Specifically, this external load is the 
application of forward bias on solar cells. There is a difference between the optimisation 
orientation of solar cells and diodes, however, they do possess a similar device structure [49]. 
Where photodiodes do work at a zero bias, they are self-powered photodetectors, similar to a 
solar cell when it is under a short circuit condition [52]. In contrast, since the total current is 
the sum dark current and photocurrent that passes through the device, the dark current in the 




3.3.1.3  Phototransistors 
 
 
Phototransistors have a 3 terminal structure and a conductive channel. The terminal consists of 
drain electrodes on either side and the source on another side where electrons flow from drain 
to source. While a gate terminal controls the conductivity of the channel [49], it is possible to 
control channel conductance through light illumination. The gate, which is opto-electronically 
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modulated, is programmable and can facilitate or prevent charge transport while at the same 
time providing gain, thus it works as an amplifying switch [53]. 
 
 
3.3.2 Recent Developments in Hybrid Halide Perovskite photodetectors 
 
 
Hybrid – organic-inorganic perovskite materials have also been applied in photodetectors. It is 
in fact the same optoelectronic properties that are found in other solar cell applications that 
make these materials suitable for photodetectors. Specific favorable properties of these 
materials have been found for this application and they include high responsivity, which is the 
number of electrons that can be harvested for each illuminated photon, high detectivity which 
refers to the lowest detectable light intensity and fast response speed [54]. These are achieved 
due to optical and electrical properties which include a high absorption coefficient, small 
excitonic binding energy, large carrier mobility and long electron and hole diffusion lengths 
[44]. Xie et al. (2014) reported the first photodetector based on MAPbI3 perovskite thin film 
deposited on polyethylene terephthalate (PET) substrate patterned with ITO electrodes, it 
showed photo responsivity with an R of 3.49 A/W, 0.0367 A/W, an external quantum efficiency 
of 1.19×103 %, 5.84% at 365 nm and 780 nm respectively [55]. This report opened the path for 
a large amount of outstanding work. 
 
Transistor type photodetectors that use perovskite materials have been reported [12]. The most 
common architectures are Metal–oxide–semiconductor transistors which usually consists of a 
gate, drain and a channel (photo active medium; perovskite) which is fabricated on the top of 
the device and contacted with an oxide layer and source electrodes (typically Au ). However, 
these photodetectors still exhibit low performance because of the poor mobility of charge 
carriers in the channel where one type of free charge retains trapping in the channel, and the 
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other are accumulated in the channel [56]. Furthermore, the bilayer-structure which consists of 
a combination perovskite layers and inorganic semiconductors like graphene can improve the 
photo responsivity, hence increase their efficiency [57]. A necessary requirement of 
photodetectors is that they show a very fast response to incident radiation which is achieved 
using perovskite polycrystalline films, which offers high quantum yield and fast responses [12, 
56,58]. 
 
The photodiode is another type of photodetector which was commonly reported in many studies 
because of its fast response time and high photoconductive gain characteristics [59]. However, 
it is important to note that achieving these devices with these materials requires complex 
structures and perhaps more importantly, the fact that perovskites are stability-restricted 
affecting device lifetime is another consideration. 
 
3.3.2.1 Hybrid Halide Perovskites Single Crystal photodetectors 
 
 
Although most of the demonstrated application areas for perovskites thin films have focused 
on solar cells, single crystal perovskites are more often found in photodetectors is more. This 
may be due to difficulty in attaining an appropriate thickness of perovskite single crystal for 
the structure of solar cells. 
 
Wang et al., (2018) investigated the surface stability of the MAPbBr3 single crystal under the 
environmental conditions of air and water, this was measured using XRD [60]. Lian et al. 
(2015) reported a photodetector based on methylammonium lead iodide as a perovskite single 
crystal which showed higher responsivity, approximately 100 fold, than the polycrystal 
structure of the same material[61]. Fang et al (cited in  62 ) found a narrow band photodetector 
using halide perovskite single crystal, this was due to a strong surface charge recombination, 
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this could be adjusted through tuning the molar ratio of the precursor in order to change the 
bandgap. A self-powered photodetector made by Fang (2016) and his group by combining the 
perovskite single crystal photodetector with a triboelectric nanogenerator, resulted in high 
responsivity without using an external electric field [62]. This was further developed by Ding 
et al. (2016) using a single crystal of methylammonium lead iodide with different metal 
electrodes [63]. Shaikh et al. (2016) developed a self-bias photodetector using a single crystal 
of methylammonium lead bromide together with Pt – Au electrodes [64]. 
 
 Where the present study is different from these studies is in terms of what is measured to 
determine stability, how it is measured and the materials and their preparation. Wang et 
al.(2018) only considered surface stability and only measured stability using XRD [60], Murali 
et al. (2017) look at the stability of the whole of the MAPbBr3 single crystal using PL intensity 
and Choi et al. (2019) tested the stability of the surface of the MAPbBr3 as a single crystal in 
UHV (ultra-high  vacuum)and dark conditions at room temperature[65,66].  Lian et al. (2015) 
used MAPbI3 which was prepared differently to the present study and they used a different 
device structure and approaches to measuring stability[61]. Ding et al. (2016) used the same 
measurements as the present study including XRD and IV but for MAPbI3 [63]. Fu et al. (2018) 
conduct a review on the progress of the long term stability of perovskite solar cells and cite 
numerous studies, none of which address MAPbBr3 [67]. 
 
 
3.4 Stability of Hybrid Halide Perovskite 
 
At present, there has been a significant improvement in terms of basic scientific understanding 
of perovskite materials achieving solar cell performance of 23% PCE [68,69]. In addition, 
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hybrid halide perovskites can be deposited on various substrates using solution-based 
processes. Semi-transparent perovskite solar cells can be fabricated [70-72]. Furthermore, 
planar perovskite solar perovskite solar cells have been experimented with by using an ultrathin 
layer of perovskite on the model plane [73]. In future, perovskite solar cells may be suitable for 
space applications because they are flexible and lightweight [22]. 
 
However, there are still issues that need to be resolved before they can be fully commercialised, 
one such issue is low stability, and unfortunately, there has been limited success in overcoming 
this problem [11]. Therefore, the stability of lead halide perovskite single crystals will be 
investigated in this research by studying these materials in isolation and in a solar cell device. 
 




In consideration of the properties of hybrid perovskites that have been addressed in chapter 2, 
it has been shown that it is possible to predict a stable structure of perovskite materials by 
measuring the geometric factors including the Goldschmidt tolerance factor and the octahedral 
factor. However, this established stable structure becomes unstable after fabrication, 
specifically, this relates to an instability related to the mobility of ions in the material [74]. 
 
There are many types of chemical defects (point defects) in organo-lead halide perovskite, like 
ion interstitials, ion vacancies or anti-site defects. Thus, the relative concentration of acceptor 
and donor states are directly related to the energies of defect formation. For example, the 
enthalpy of defect formation for MAPbX3 (X=I, Cl) network is calculated to be higher when 
chloride is substituted with iodide on the electronic structure which improves their stability [75-
78]. 
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Fragmentation of organic molecules is another factor that impacts defect formation, this would 
include missing hydrogen atoms from the organic molecules. These hydrogen species like H+, 
H0, and H− easily migrate to the inorganic lattice and interact with surrounding molecules. Thus, 
it is necessary to control the fragmentation of organic molecules and hydrogen migration 
[79,80]. Efficiency is no longer a primary concern, it is now important to address and improve 
stability of hybrid perovskites, including under various light and heat conditions [74]. 
As part of the overall development of the use of this material there have been considerable 
efforts in fabrication techniques for perovskite films, optimisation of cell structures and tailored 
chemical compositions [22]. In reference to the latter, composition engineering, there have been 
advances made to improve phase stability [81]. In general, long-term stability is associated with 
the sustainability of the crystal phase. To address the issue of stability in hybrid perovskites, 
Zhao and Park (2015) suggested that in order to improve the stability there should be an 
investigation of air stability, photo stability and heat stability. The thermal stability of hybrid 
perovskite materials, used in solar cells, is often addressed because the crystal phase transition 
together with ion migration as a result of temperature have an effect on the long-term stability 
of these materials [82]. Furthermore, there should also be consideration of photostability of 
hybrid perovskites in solar cell applications, which is due to the instability of these materials 
under AM 1.5 G (1 sun) irradiation which includes UV [83]. From previous studies, however, 
there is little research that addresses the effect of annealing and light on hybrid halide 
perovskite materials before incorporation into a device. This lack of information motivated this 
research to investigate the impact of annealing and light on hybrid halide perovskite materials. 
The present study is concerned with the stability, in terms of heat and light stability, of a 
MAPbBr3 single crystal and it is worth to note that crystalline structure will allow better 
elucidation of the mechanisms associated with long-term stability in terms of structure. The 
reason for this is that a polycrystalline structure has a high number of grain boundaries and 
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defects which make such elucidation difficult [84]. This issue is further compounded by the fact 
that there are unstable interfaces and importantly, because the quality of polycrystalline films is 
significantly affected by factors during preparation such as temperature and spin coating, 
leading to variations in quality, and thus, comparing results from different studies is unreliable 
[85-87]. These issues are eliminated in the study of the long-term stability of perovskite 
materials as a single crystal structure and therefore, this approach offers a more reliable way to 
investigate the intrinsic structural stability of this material which has a significant effect on 
light and thermal stability [84]. Furthermore, there is a lack of research of hybrid halide 
perovskite single crystals as a material alone not as a device, and a lack of MAPbBr3 single 




3.4.2 Stability of Hybrid Halide Perovskite Solar Cells 
 
 
Solar cells that use polycrystalline perovskites are prone to degradation which affects their 
stability, this degradation has been attributed to a number of factors including phase 
transformations, chemical instability and exposure to light, oxygen, heat and moisture [88,89]. 
Stability has been something that has received less attention than performance of 
polycrystalline perovskite solar cells, this has been attributed to a lack of understanding of 
chemical and physical mechanisms in the solar device [89]. While solar perovskite cells 
generally demonstrate high performance, efficiency is not maintained, and degradation can take 
place in a relatively short space of time, on the other hand a solar cell with less efficiency often 
demonstrates better stability [68]. Therefore, it is essential to improve the stability of perovskite 
solar cells through understanding mechanisms of degradation and how this affects device 
performance [68]. Testing of stability should involve accelerated conditions of temperature and 
light [89]. 
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There are a number of issues that contribute to the degradation of polycrystalline perovskites 
used in solar panel applications. One problem is related to perovskite materials itself; it contains 
salts which mean overtime they absorb moisture, leading to low formation energy and 
decomposition [89]. Importantly, weak bonds in the material are easily broken by exposure to 
light [88]. Another issue is that although decomposition of polycrystalline perovskite materials 
in solar cell applications decomposes at a slow rate under normal operating conditions, it does 
decompose rapidly under the temperatures which solar panels are packaged [89,90]. Both 
temperature and light are important considerations for degradation of polycrystalline 
perovskites because they react with all metals under moderate light and temperature conditions 
[91]. The present research is concerned with degradation under temperature and light 
conditions for single crystal perovskite. 
 
There have been a number of efforts to improve stability of perovskite materials in these 
devices. Introduction of mixed halides or cations into perovskites can reduce the instability 
induced by light and heat. Ions migrate slowly when there is a partial substitution of cesium in 
lead halide perovskite materials such as CsxFA1−xPb(BryI1−y)3 , CsxFA1- x PbI3 , and 
Csx(MAyFA(1-y))Pb(I(1-y)Bry)3 [92-94]. 
In the above it has been shown that the stability of a device can be affected by the active 
material, namely, perovskites, however, the stability of a device, whether a solar cell or 
photoconductor, can also be related to the device structure and materials [88]. 
 
Specifically, this includes consideration of the modification of the interfaces between the 
perovskite material and the electron transport layer. For example, TiO2 nanoparticles are used 
as a transport layer in solar cells because they improve the reaction rate of perovskites. 
However, with the use of TiO2 the charge transfer can be unstable when exposed to UV light 
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due to the porous nature of this material [95]. To improve the stability of solar cells and reduce 
trap density, oxide materials such as ZnO and SnO2 and organic materials such as [6,6]-phenyl- 
C61-butyric acid methyl ester (PCBM) and ICBA (indene C60 bis adduct), as well as carbon 
nanoforms such as fullerene C60, can be added to the transport layer of the solar cell instead of 
TiO2 [14,88]. Therefore, modification of the interface is essential not only for performance but 
also for stability of the material [88]. 
 
Hole transporting materials (HTMs), including the use of organic and inorganic materials have 
been developed for solar cells such as polymer/carbon composites. They have hydrophobic 
properties to repel water, and importantly, a higher hole mobility [96]. However, the 
performance using these HTMs is lower than devices based on Spiro-OMeTAD which is also 
able to improve the interfacial contact between the electrode and the perovskite material due to 
the pinholes as a result of its ageing process [97]. In order to avoid these disadvantages of 
HTMs, a PbS buffer is applied to correct the orientation between the hole transport layer and the 
active layer, such devices exhibit a better photovoltaic performance as well as stability even at 
high humidity [88]. Despite the fact that HTMs are partially or even completely resistance to 
moisture, it might not be enough for protecting the perovskite materials from oxygen which is 
considered to be the greater concern compared to other gases in the atmosphere such as 
nitrogen. The surface of perovskite materials reacts with oxygen, forming superoxide ions 
which break down the perovskite [98,99]. Therefore, the development of perovskite 
compositions that have an insensitivity to oxygen through encapsulation that protects devices 
from oxygen-induced degradation and hydrophobic layers to protect against moisture, have 
been paramount. Therefore, degradation caused by moisture and oxygen has been a matter of 
great concern in perovskite applications, unlike instability resulting from temperature and light 
which is the focus of this research. 
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3.5 Summary 
 
This chapter presented hybrid halide perovskite photovoltaic applications and associated 
stability. This included stability of hybrid halides generally and the resolution of identified 
stability issues which included achieving geometrical factors and replacing organic cations with 
organic - inorganic cation. An overview of photovoltaic devices was presented together with 
the relevant working principles of these devices. This included the various device architectures 
and their associated efficiencies. The research includes testing material as a photodetector 
device, and therefore, it was necessary to establish their device structure and working 
principles. For a more particular understanding of the materials considered in this research, 
hybrid halide perovskite-based and hybrid halide perovskite single crystal-based 
photodetectors were also presented. Importantly, towards a focussed understanding of stability 
mechanisms for the present study, the stability mechanisms of these particular devices, 
including hybrid halide perovskite solar cells was also presented. 
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This chapter introduces an overview of fabrication and various characterisation techniques 
used in this research. In Section one, the technique used in the fabrication of single crystal 
perovskite devices is presented. Section two describes the techniques used in the 
characterisation of single crystal perovskites whilst section three presents the conventional 




4.1 Fabrication Techniques 
 
For the application of the of the metal electrodes to the single crystal for the lateral architecture 
two techniques were used in this research, namely; thermal evaporation (vacuum evaporation) 
and the brush technique.  
 
4.1.1 Thermal Evaporation 
 
One of  the most common technique of physical vapor deposition (PVD) for coating is thermal 
evaporation (vacuum evaporation). For the preparation of a high-quality electrical contact on 
the single crystal perovskite, thermal evaporation was the only fabrication technique that was 
utilised due to its reasonable cost and ease of use. 
In this research most of the selected metal electrodes, specifically; aluminium, silver, selenium, 
copper, gold, zinc, indium and tin were deposited using a vacuum evaporation to a thickness of 
200nm. 
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Thermal evaporation is used to deposit thin film on the substrate by using one element or co- 
evaporation of a few elements. It offers efficient evaporation for a wide range of materials such 
as metal and some organic material [1]. 
 
Evaporation of a material and its subsequent condensation on a substrate is a simple technique 
where the transport of material to the substrate is affected by a physical driving mechanism, as 
shown in Figure 4.1.  The materials and substrates are loaded into a vacuum chamber with a 
wire heater into which the material is placed. All baskets are made of materials that have high 
boiling points such as tungsten, tantalum or molybdenum. Based on the material’s evaporation 
temperature, the shape of the basket should be selected, for instance a filament, a basket, a boat 
or a crucible. After a vacuum is created by using a pump, a large electrical current is passed 
through the basket heating the material to the desired temperature where evaporation occurs [1]. 
This means the solid or the liquid phase directly transforms to the vapor phase. Due to the low 
temperature of the substrates compared with the evaporation source, the material in vapor phase 
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High vacuum and low pressure are important parameters to produce a high-quality deposited 
film. Therefore, evaporation in this work was kept at a pressure lower than 10-6 Torr. Atoms or 
molecules travel in straight lines from a thermal vaporisation source towards the substrate with 
minimum scattering or collision with surrounding residual gas molecules inside the 
evaporation chamber. Finally, the thickness of deposited electrodes (metal contacts)onto the 
perovskite single crystal was 200nm. It is usually controlled and monitored by using a shutter 
as well as a quartz crystal oscillator placed inside the Deposition chamber [1]. Edwards Auto 
306 model thermal evaporator was used in this work. 
 
4.1.2   Brush Painting Method 
 
 
For aluminium-doped zinc oxide (AZO), carbon mixture, phenyl-C61- butyric acid methyl 
ester (PC61BM) and Solution of poly (3,4-ethylenedioxythiophene): polystyrene sulfonate 
(PEDOT: PSS), were deposited using the brush painting method, described in the following. 
 
Aluminium-doped zinc oxide (AZO) was deposited directly onto the surface of the crystal using 
a brush, followed by heating for 15 minutes at 120°C. The Carbon  mixture was prepared by 
mixing carbon paste with silicone oil. The carbon mixture was deposited by brush on the surface 
of the crystal, followed by annealing at 100°C for 15 minutes. 
 
Both of the abovementioned materials were deposited as a single layer. However, there were 
two materials that were required to be deposited as a bi-layer due to their low conductivity. 
Firstly, phenyl-C61-butyric acid methyl ester (PC61BM) is usually introduced as an electron 
transport layer (ETL), 15 mg of PC61BM is dissolved in 0.5 ml of dichloride benzene and stirred 
on a hotplate for two hours at 70°C. This solution is deposited directly on one side of the 
MAPbBr3 surface by using the brush and then heated for 15 minutes at 100°C. Secondly, a 
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solution of poly (3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS) is usually 
used as a hole transporting layer. This solution was deposited using a brush and was annealed 
at 120°C for 15 minutes. Both these materials, deposited as a bilayer, are finished with a layer 
of silver deposited using vacuum evaporation. 
 
 
4.2 Characterisation Techniques 
 
Light and heat are utilised to determine the physical and chemical properties of materials. The 
working principle of associated techniques relies on observation of the changes in kinetic 
energy, phase, light intensity, direction of light beams, or electrical polarisation after interaction 
with the material being studied. Therefore, studying the physical and chemical properties of 
single crystal perovskites has played a major role in enhancing our understanding of material 
properties and mechanisms. In this work, Fourier Transform Infrared Spectroscopy ,UV-Vis 
Spectroscopy and Atomic Absorption Spectrometry (AAS) ,X-ray Diffraction Spectrometry 
(XRD), Scanning Electron Microscopy (SEM) , Electron Dispersive X-ray Spectroscopy 
(EDX), Thermal gravimetric analysis (TGA) and Differential scanning calorimetry (DSC) were 
used. 
 
4.2.1 Fourier Transform Infrared Spectroscopy (FTIR) 
 
 
Fourier transform infrared (FTIR) spectroscopy is used for solid, liquid and gas sample that is 
based on  absorption or emission of infrared (IR) light of a range of wavelengths rather than a 




Page | 84  
When the infrared light strikes the sample, as seen in figure 4.2, some of radiation is absorbed 
and some of them pass through. The vibration energies in the molecules are a result of absorbed 
radiation in the sample. The frequency of vibration atoms in the sample rely on both the kind 
of bond, such as single, double, ionic and covalent bonds, and the type of molecule [2]. The 
light, which is not absorbed, is transmitted through the sample and falls on the detector. The 
number of absorption peaks in the absorption spectrum of the sample is indicative of the 
vibrational energy level at molecule, and  intensity of the peaks refers to  net changes in the 
dipole moment as result of  molecule vibration. This infrared spectrum provided by FTIR offers  
information about the molecules in the sample including molecule structure and chemical 
bonding. The absorption spectra obtained from FTIR covers two regions in the range of 400-
4000 cm-1, representing a functional group and fingerprint regions [2]. 
 
The working mechanism of the FTIR benefits from the working principle of Michelson 
interferometer. When the source emits the light, the beam of light is split into two beams when 
it is passed through beam splitter. One of them reaches the constant mirror and is reflected. Part 
of the reflected light reaches the detector while the second part comes back to the source, 
passing through the splitter again. The second beam is reflected from a moving mirror which 
has only parallel movement. At the detector, the light intensity will be the combination from 
the two reflected beams. If the path length of both reflected lights is equal, the constructive 
interference will take place at the detector. However, if the signals of these beams are exactly 
opposite and out of phase, the destructive interference will occur at the detector [2]. 
 
Fourier Transformation is an algorithm that converts the interference pattern into the spectrum 
of transmittance/absorption in comparison with wave number calculated in cm-1 [2].  
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Bruker Alpha compact FTIR spectrometer was used in this study to identify the molecules of 





                                          Figure4. 2: Diagram of Fourier transform infrared (FTIR) spectroscopy process. 
 
 
4.2.2 Ultraviolet-Visible Spectroscopy (UV-Vis) 
 
 
The purpose of using ultraviolet-visible (UV-Vis) spectroscopy is to investigate the absorption 
and transmission properties of the perovskite single crystal by measuring the maximum amount 
of absorbed light. 
 
Due to absorption of the visible and ultraviolet (UV) radiation, electrons are excited, moving 
from lower to higher energy levels. Since each wavelength of light has an energy associated 
with it, a wavelength will be absorbed when its energy is enough to make one electronic 
transition. The large gap between the energy levels requires a great energy to excite the electron 
to move to the high energy level. Furthermore, there are two characterisations of the electron 
transition as either direct or indirect [3]. 
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The working principle of UV-Vis spectroscopy is based on the absorption of the light at 
different wavelengths through the sample. In this spectrometer, a dual beam spectrometer, 
which splits the coming beam before it enters the measuring chamber, is used. A reference 
sample usually is placed in the reference slot so that measurements of samples can be compared 
with the values from the reference sample, and in order to eliminate the effects of substrate on 
the measurements from the sample. Before taking measurements of single crystal perovskite, 
the air was considered as a reference sample, so that it can be scanned, and background errors 
can be eliminated [3]. The spectral range was chosen between 190nm and 1100nm. Therefore, 
this work intends to measure the absorption or transmission of a material as a function of 





                                                       Figure 4.3: Diagram of UV-Vis spectroscopy characterisation 
 
 
The percentage transmittance (T) is measured to determine the amount transmitted light 
through the crystal and is expressed by the following formula: 
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Absorption of the light can be measured by using the value of transmitted light in the following 
formula: 
                                                                                                                                                              
                            




 Where Io  and I are light intensities before and after transmitted by the sample and both A and T  
have no units [3]. 
 
For calculation of the optical band gap, it was calculated by using Tauc Plots. Since the electron 
transition in perovskite single crystal is a direct transition where electron-photon interactions 
occur , then the squared value of the product of photon energy and absorption coefficient (αhν) 
is plotted versus the photon energy (hν) on the Y-axis and X-axis, respectively. The optical 
band gap was given by extrapolating the straight-line section in the graph to the X-axis. The 




                                    αhν = A (hν - Eg)n 
 
 
Where A is constant, Eg is the band gap, h is Planck's constant, ν is frequency of vibration, n 
depends on the type of electronic transition; where n=2 for direct allowed transition and n= ½ 
for indirect allowed transition and α can be calculated by rearrangement of Lambert-Bouguer 
law [3]: 
 
                                   I =I0  exp (α t) 
 
 






                                                                                                                                                          
                                                         
A = log10 
 I0
I
                             
                                                                                                                           
(3) 
                                                                                                                                                          
                                                         
A = log10 
1
T
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Where t is thickness of the sample, T and R refers to transmission and reflection, respectively. 
The value of the band gap can be calculated from this equation: 
 
                                    Eg  = hν = 1240 /λ. 
 
 




4.2.3  Atomic Absorption Spectroscopy (AAS) 
 
Atomic absorption spectroscopy measures the concentration of gas-phase atoms using light 
absorption. Perkin Elmer Analyst 400 Atomic Absorption Spectrophotometer was used in this 
study to  confirm that  a lead is the only element remain  as the residual material after thermal 
decomposition of MAPbBr3 crystal. 
AAS uses a glass container which contains a cathode and an anode, the cathode is made of 
the same material that is under investigation, in this research lead, and the anode is a tungsten 
plate, the glass container is filled with argon at a low pressure. Between 500  and 1000   volts 
is applied to the electrodes it ionizes the atoms of the argon gas, positively charged ions 
remove atoms from the surface of the cathode which in turn collide with the energetic gas 
ions and become excited. This excitation emits characteristic radiation in the form of photons 
which is passed through a flame of the vaporised sample material under investigation, if this 
vaporisation contains lead then some of the emitted photons which have a wavelength specific 
to lead, will be absorbed. Thereafter, the radiation wavelength is passed through a 
monochromator to remove other light wavelengths found in visible light, before moving on 
to a detector as shown in figure 4.4. The detector measures the lead wavelength absorption, 
(7) 
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                                   Figure4. 4:Schematic diagram on the process of an atomic absorption spectrometer(AAS) 
 
4.2.4 X-ray Diffraction (XRD) 
 
 
XRD is an analytical technique which provides detailed information regarding structural 
characteristics of crystalline solids. Measuring the diffracted waves by X-ray detector allows 
us to identify the distribution of atoms in a material. It relies on diffraction of X-rays which are 
generated upon the exposure of the metal target to the high energy electrons. Common metal 
targets used to generate X-rays involve Copper, Iron, Molybdenum and Chromium. In order to 
determine the structure of the desired samples, XRD is desirable option because of the quick 
delivery of results and convenience of use as the X-rays are not absorbed by the atmosphere 
[4]. 
 
X-rays were discovered in 1895 by Wilhelm Roentgen as electromagnetic radiation with short 
wavelengths. X-ray diffractometers consists of 3 elements as shown in Figure 4.5: X-ray tube, a 
holder of the sample, and an X-ray detector. In the X-ray tube, the electrons beam accelerates 
across a high voltage, which is usually measured in kilovolts, and hits the rotating or fixed solid 
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target. Upon collision with the target, two types of spectra are released from the X-ray tube. The 
first type, continuous spectra X-ray shown as a background of the radiation spectrum and has a 
range of minimum wavelengths and high intensity, depends on the voltage applied, and the 
material of target. The second type, characteristic spectra, have an intensity maximum at certain 
wavelength and are emitted from electronic transition states. When the energy of the electrons that 
accelerate to the target is high enough to remove the electron from the inner shell, the electron from 
the high energy shell will jump to the shell to take the place of a removed electron. It is necessary 
to mention that the intensity of characteristic spectra is higher than continuous spectra [4]. 
 
                                                              
                                                                 
                                                          
                                                                      Figure4. 5: Diagram of X-ray diffraction process 
 
When the incident beam of monochromatic X-rays strikes the sample in the form of perfect 
single crystal, the light is diffracted from the parallel planes separated by distance (d) measured 
by an angle “θ” with the surface of the plane. The beam reflected from the upper plane travels 
a shorter distance than the beam reflected from the lower plane. The intensity of reflected beams 
reaches their maxima, which is only possible if the path length difference corresponds to the 
integral number (n) of the wavelengths (λ). This relationship is given by the Bragg’s law 
equation: 
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Where d is the spacing between layers, θ is the angle between the incident ray and the surface, 
n is an integer and λ is the wavelength of electromagnetic radiation [4]. 
Moreover, the distribution of the atoms in the unit cell is described by the reflected beams. 
Since the highest density of electrons is found around atoms, the kind of atoms and their 
location can be determined by the reflections. Planes that pass through areas with low electron 
density will give weak intensities, while planes with high electron density will strongly reflect 
the beams. Due to periodic arrangement of atoms in a crystal, the size and shape of the unit cell 




                                                             Figure4. 6: Diagram of the Bragg’s law equation. 
 
 
It is important to note that there is one family of peaks in the diffraction pattern generated for 
a single crystal perovskite. The XRD spectrometer is primarily used in this work to compare 
the structure of the single crystal hybrid perovskites at different light intensities as well as 
various temperatures. A structural characteristic was carried out in this work by using two XRD 
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4.2.5 Scanning Electron Microscopy (SEM) 
 
 
A Scanning Electron Microscope (SEM) is a scientific tool which uses a focused beam of 
electrons generated by an electron gun to obtain detailed information by taking a top-view or 
cross-section images of specimens. It is utilised to extract information about the variations in 
the material’s surface at a small-scale level, and to investigate the structural aspects of the 
sample. The high energy electrons scan the surface of the sample after passing vertically 
through a series of electromagnetic lenses and electrons are excited via ionization which are 
collected by suitable detectors. 
 Detectors convert the signal to a digital image where secondary electrons and backscattered 
electrons are the most collected signal[4]. 
 
There is the possibility of two types of scattering after the high energy electrons have hit the 
target material: Firstly, elastic scattering, in which kinetic energy, and velocity remain constant 
while the path of the electrons changes which are referred to as backscattered electrons. 
Secondly, inelastic scattering whereby lower-energy electrons resulting from an inelastic 
collision are known as secondary electrons where their energies are typically 50 eV or less [4]. 
The detailed image of the surface can be formed by secondary electrons, whereas the 
backscattering electrons detector is ideal for providing images that shows information  on the 
sample’s compositions. SEM in backscattering mode is also used to extract data about the atomic 
structure of the sample. However, the resolution of images in this mode is lower than that 
obtained in secondary electron mode due to a large generation region of backscattered electrons 
compared with the secondary electrons [4].  
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                                                                     Figure4. 7:Diagram of Scanning Electron Microscope (SEM) 
 
 
To obtain a high-quality image for the single crystal revealing the information about the surface 
structure or topography of the sample, SEM in a secondary electron mode was used. All SEM 
images in this work were taken using LEO 440SEM. 
 
 
4.2.6 Electron Dispersive X-ray Spectroscopy (EDX) 
 
 
Electron Dispersive X-ray Spectroscopy (EDX) spectroscopy is used to obtain elemental 
analysis by detecting the X-ray spectrum which is emitted from sample. It is important to 
mention that EDX can be used within SEM due to the fact that SEM provides the visual detail 
(images) while EDX provides the quantitative analysis. In EDX measurement, an electron 
beam bombards the sample, leading to inelastic colliding. Some of the electrons in the sample 
move out creating holes in the inner shell of the atom. These voids will be filled by the electrons 
from the outer shell which has higher energy [4]. For example, an electron of the M shell can 
fill a vacancy in the L shell, leading to the emission of Lα X-rays. Likewise, an electron from 
either the L shell or the M shell can fill a vacancy in the K-shell, resulting in the emission of K 
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α or K β X-rays, respectively. Since the probability of filling the K shell vacancy from an L shell 
electron is higher than that of an M shell electron, Kα X-rays has a higher intensity than that of 
Kβ X-rays. 
The output of an EDX analysis are peaks showing levels of x-ray energy corresponding to 
specific elements, the intensity of these peaks refers to the quantity of the element as an wt 









4.2.7 Thermal Gravimetric Analysis (TGA) 
 
 
Thermal gravimetric analysis (TGA) is one of the extremely useful techniques, which provides 
information about any chemical or physical changes occurring in the sample such as oxidation, 
loss of solvent, loss of weight and moisture, as a result of changes in temperature (with a 
constant heating rate) or time (with constant temperature and/or constant weight) [2]. In this 
work, TGA was used to monitor the changes in mass of the sample as a function of temperature 
at a constant heating rate in order to detect the decomposition of sample materials. TGA curves 
are greatly influenced by properties of the sample, atmosphere of the chamber, heat rate and 
shape and nature of the sample pan. A sample is placed into the holder which is attached with 
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a sensitive microbalance. The holder is placed into the furnace. The balance allows to measure 
any change in the mass of the sample, and it is the most important part in the thermobalance 
instrument. The thermobalance instrument is used to record TGA data which consists of an 
electronic microbalance and associated temperature controller [4]. 
 
                




In this research work, Perkin Elmer Pyris 1 TGA was used to perform TGA. All of experiments 




4.2.8 Differential Scanning Calorimetry (DSC) 
 
 
Differential scanning calorimetry (DSC) is one of the most common thermo-analytical 
techniques that was developed by E.S. Watson and M. J. O'Neill in 1962. DSC provides useful 
information about phase changes taking place in a sample as a function of temperature. The 
DSC technique relies on measuring the amount of heat required to raise the temperature of a 
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sample as a function of temperature with respect to reference. In other words, measuring the 
amount of heat absorbed or released during heating or cooling of the sample can provide 
information like the exothermic and endothermic processes occurring in the sample, heat of 
phase changes and the crystallization and melting temperatures of the sample [4]. 
 
The DSC type which was used in this work is Heat flux DSC. In heat flux, a single furnace 
was used for heating both the sample and reference pans in order to provide a different 
temperature between them, which is used to get a required heat flow. An empty reference pan 
with its lid is commonly made up of an inert material like alumina. In order to avoid any 
reaction with them and resist the high temperatures, the sample pan, however, is made up of 
platinum, copper or gold. Different atmospheres can be applied and controlled in order to 
achieve a desired outcome. Both sample and reference are connected to a temperature sensor 
and a heater coil where temperature sensor monitors the temperature difference between the 
sample and reference while the heater coil heats them at a constant rate. Heat flow is directly 
proportional to the different temperature between the sample and a reference. Perkin Elmer 
Jade DSC was used to measure the phase transition of the Methylammonium lead bromide 
perovskite single crystal [4]. 
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                                                 Figure 4. 10: Schematic diagram of a heat flux DSC. 
4.3 Electrical Measurements 
 
Many of electrical Characterisation techniques are used for research and manufacturing 
purposes. To evaluate solar cell performance, measurements such as current density of the cell 
as a function of voltage (J-V) for different light intensities as well as various applied 
temperatures, are used.  
 
 
4.3.1 Current-Voltage Measurements 
 
 
The Current-Voltage (I-V) or Current Density-Voltage (J-V) measurements are commonly 
used for understanding the photovoltaic cells operation; and its performances under standard 
illumination and dark without adding any additional load resistance. In this characterisation, a 
different bias voltage is applied across the device terminals sweeping the proper voltage range, 
while the current flow through the cell is measured. A simple equivalent circuit of PV cells is 
composed of current source arising from light illumination, diode, series resistor (Rs) and shunt 
resistor (Rsh) as shown below [6]. I–V characteristics were measured by HP4140B, that were 
controlled by Agilent Pro VEE software. 










From the equivalent circuit of solar cell: 
 
 
                                      Iph  − ID − Ish   = I 
 
 
Where Iph is current generated by the solar cell, ID is Diode current, I is the load current and Ish 
is shunt current respectively [6]. 
 
 
4.3.1.1 Dark IV 
 
 
The dark IV of device is shown as a diode, a large amount of current is passed through the 
device in forward bias while almost no current passes in reverse bias. Important parameters can 
be extracted such as ideality factor (n), dark saturation (IO), Rectification ratio (RR), series 
resistance (Rs) and shunt resistance (Rsh). 
 




Where JD,VD and Jₒ are the current density passing through the diode, the voltage across the 
diode, and the dark saturation current density respectively, T, K and q are constants which are 
(9) 
(10) 
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the ambient temperature in Kelvin, Boltzmann constant and charge of an electron, respectively. 
An ideality factor (n) is a number between 1 and 2 which points out the type of charge carrier 
recombination, occurring inside the device. It is important to mention that the value of the 
ideality factor is inversely proportional to the fill factor which place important role in 
determining  the efficiency of perovskite solar cell  [2]. 
The second part of the equation can be ignored when applied voltage is above 50-100 mV. 
 
 
                                    𝐽𝐷 = Jₒ exp ((q𝑉𝐷)/nKT) 
By taking the log of both sides of the equation 
 
 
 ln (JD) = ln (Jₒ) + (q𝑉𝐷)/nkT 
 
 
By plotting the ln(JD) against the voltage at forward bias, the ideality factor and dark saturation 
current density are calculated from the slop [2]. 
 
 
The Rectification Ratio (RR) is calculated by the ratio of the forward bias to the reverse bias 
current density at a certain value of the applied voltage under a dark condition, as is presented 
by following equation. The rectification overall of the device is improved by reducing the 
reverse current density. 
 
 
                                     𝑅𝑅 = 𝐽𝐹/𝐽𝑅  
 
 
Where JF presents the majority carriers density from each depletion region across the junction, 
the minority carriers’ density is presented by JR. In addition, the value of RR in Schottky 
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Resistivities’ effects can reduce the efficiency of the solar cell by loss of power in the 
resistances. There are two kind of resistances in the equivalent circuit of solar cells which are 
a series and a shunt resistance. The series resistance is a result of movement of current through 
the diode material, as well as the contact resistance between the metal contact and 
semiconductors. Therefore, the series resistance should be a low resistance in order to achieve 
a high fill factor. Presence of a shunt resistance causes a loss of current at the edges of the 
device, which is a result of manufacturing defects, rather than poor design of the solar cell. 
Since the shunt resistance is connected in parallel to the device, it should be a high value in 
order to improve the fill factors and hence its performance. The values of Rs and Rsh can be 
calculated from the slopes of the linear parts of forward and reverse IV curves, respectively [6]. 
 




The I-V curve shifts down into the fourth quadrant ( positive x-axis and negative y-axis) as a 
result of illuminating the solar cell. Consequently, short-circuit current density (JSC), open 
circuit voltage (VOC), series resistance (Rs), shunt resistance (Rsh), the fill factor (FF) and power 
conversion efficiency (PCE) are the parameters that can be extracted from IV measurements. 
Current density-voltage characteristic of solar cells is described by the ideal diode equation 
under illumination as follows: 
 
                                   I = I𝑝ℎ − 𝐼𝐷 − 𝐼𝑠ℎ 
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                                 I = I𝑝ℎ − [Iₒ(exp (
𝑞(𝑉+𝐼𝑅𝑠)
𝑛𝑘𝑇





































In an ideal circuit, the third term of the above equation is neglected because of lowest value of 
series resistance and highest value of shunt resistance. Consequently, both open circuit voltage 
and short circuit current can be calculated, and they are mainly used for determining the 
electrical performance of cells [6]. 
 
                                   I= I𝑝ℎ − [Iₒ(exp (
𝑞𝑉
𝑛𝑘𝑇
) − 1) 
 
The maximum voltage is provided by solar cell under illumination when load current is equal 









    Where VT is thermal voltage .In addition, short circuit current can be calculated when  putting  
   V=0, where Isc is usually equal to Iph which they indicate to the maximum current  produced 
    by solar cell [6]. 
 
 
Fill factor is defined as the ratio between the maximum power and product of current and 
voltage. Since the output of maximum power is defined as product of maximum current and 



































4.4  Summary 
 
 
In summary, this chapter has presented the fabrication and characterisation techniques used in 
this study. Characterisation techniques were presented for both the devices and the single 
crystal perovskite to test for quality and performance. The fabrication included device 











The power conversion efficiency (PCE) is defined as a ratio of maximum electrical power 
output to total incoming light power as seen below [6] 
                                                                                                                                                                                              
 




VOC JSC  𝐹𝐹
𝑃𝐼𝑛






The light source in this work was an Oriel 96005 150W where the power of incident light 
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Chapter 5: In Depth Investigation into the Growth of 
Methylammonium Lead Bromide Perovskite Single Crystals              





Towards understanding the stability of methylammonium lead bromide perovskite single 
crystal, it is necessary to investigate their growth as well as their structural and optical 
properties. In this chapter, we begin by looking at the process of the growth of 
Methylammonium lead bromide perovskite single crystals including the materials and 
techniques, followed by the trial work on the growth of these crystals in this research. Thereafter, 
the factors affecting the crystals before and after their growth are described. Details of the crystal 




5.1 Growth of Methylammonium Lead Bromide Single Crystals 
 
 
All of the growth methods of hybrid halide perovskite single crystals described in chapter 2 are 
based on the principles of the crystallisation process, which is widespread in many industrial 
applications, including production materials such as food, chemical products and 
pharmaceutical products. The most common type of crystallisation is from a solution, in which 
the solution consists of two or more substances making a homogeneous mixture. There are 
three different types of solution depending on solubility concentration at a given temperature. 
The first type is a saturated solution which contains the maximum solute that can be dissolved. 
Whereas, undersaturated solution contains less concentration of solute than the solubility 
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concentration corresponding to the same temperature. The third type of solution is a 
supersaturated solution which is the basic feature of all crystallisation operations. 
 
Supersaturated solutions contain more solute concentration than the solubility concentration 
corresponding to the same temperature, leading to crystallisation. The crystallisation process 
involves nucleation and growth is a result of the solution being supersaturated and not at an 
equilibrium. The nature of any system proceeding towards equilibrium, will be 
thermodynamically driven to minimise the free energy of the system, resulting in the formation 
of a crystal nucleus which will continue to grow until the system regains equilibrium [1,2]. 
 
 
Nucleation is the first order phase transition. The solute molecules leave the solution phase to 
form ordinary clusters of molecules bound together by their intermolecular interaction which 
is known as an embryo [3]. A new phase generated inside the large volume of solution has 
lower free energy than the solution phase where free energy can be defined as the amount of 
internal energy available to preform work. The embryos keep attracting the solute molecules 
dissolved in the solvent which leads to an increase in the embryos size [3]. 
 
 
A notable feature of the nucleation process is that free energy of the system changes during 
the formation of the nucleus. On the one hand, the free energy increases as a result of formation 
of the solid-liquid interface and the associated surface energy. For this reason, there is a 
possibility for becoming an unstable solid and the embryos tend to dissolve into the liquid phase 
instead of growing. On the other hand, the free energy decreases due to low free energy of the 
solid phase. Consequently, the embryos get large in all dimensions. To obtain stable 
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nuclei, there is an intermediate size at which there is a lowering of free energy and this is called 
the critical cluster size [1,3]. 
 
It is noteworthy to mention that both nucleation and crystal growth will continue to occur until 
their total free energy is in equilibrium with their surroundings which would be a minimum 






Methylammonium lead bromide, as hybrid halide perovskite, has received significant attention 
due to photovoltaic efficiency [4]. MAPbBr3, as a perovskite compound has shown very good 
conversion efficiency at 21.3%[4]. The single crystal structure of methylammonium lead 
bromide (CH3NH3PbBr3) tested for optical absorption showed the same properties as 
polycrystalline thin films, however, single crystals were shown to have longer charge carrier 
lifetimes. As result, the higher diffusion lengths of CH3NH3PbBr3 under a 1-sun-equivalent 
photon flux has been shown higher magnitude than thin film with only one degree [5,6,7]. 
However, MAPbBr3 offers a more stable and compact structure in comparison to MAPbI3 single 
crystal because there is a reduction in the lattice constants, and it affords a cubic phase. This is 
due to a much stronger hydrogen bond with halide where the larger I atom is replaced by the 
smaller Br atom [8]. 
 
5.1.2 Growth Technique 
 
 
Organometal halide perovskite single crystals are separated from the solution. However, the 
choice of method for growing these crystals depends on the physical properties of the 
compound involved, the applications for which the crystals are designed and its economic 
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considerations. Hence, the proper design and control of crystallisation processes can have a 
noteworthy effect on the overall efficiency of crystal growth and the value of the final product. 
Therefore, the inverse temperature crystallisation (ITC) was chosen, in this study, as the 
crystallisation method because of a rapid growth process and a high quality crystal. Compared 
with other growth methods, the optical and transport properties of single crystals which are 
grown by ICT are similar [6,10]. Since higher quality is very much required for performance 
improvement of perovskite-based devices. Methylammonium Lead bromide perovskite single 
crystals were grown under various sets of conditions. 
 
 
5.2 Synthesis of MAPbBr3 Single Crystal 
 
 
Lead bromide (98%) was purchased from Alfa Aesar Co, DMF (anhydrous, 99.99%) was 
purchased from Sigma Aldrich and MABr was purchased from Ossila Ltd. All salts and 
solvents used in this study were used according to the manufacturer’s instructions. The 
experimental setup for the crystal growth was the same as that used in the inverse temperature 
crystallisation method. Briefly, perovskite precursor solution is a mixture of 0.498 g MABr and 
1.642 g PbBr2 which were dissolved in N, Ndimethylformamide (DMF, typically 6 mL) at room 
temperature. The solution was stirred until it became transparent (Figure 5.1 (a)). After that it 
was heated to 60°C for 15 minutes in order to enhance the solubility (Figure 5.1 (b)). To 
confirm there is no crystalline residue from MABr or PbBr2 in the final precursor solution, all 
of the solutions were filtered using a Polytetrafluoroethylene (PTFE) membrane filters with 
0.2-μm pore size prior to the growth of crystals before placing 6ML MAPbBr3 precursor 
solution in a small beaker. 
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 It is necessary to cover the beaker with foil which had 5mm2 hole in the centre in order to 
control evaporation, as can be seen in Figure 5.1 (c). Then, it was kept in an oil bath at 80°C for 
17 hours. When the perovskite solution reached a low supersaturation level, which was 
approximately estimated to be 6-9 hours in advance of the moment orange seed crystals came 
out of the solution (Figure 5.1 (d)). After 17 hours, orange single crystals of MAPbBr3 are 
collected, then polishing is performed before drying using N2 gas.  
 
 
                        Figure5 1: photographs of crystallisation process of ICT method (a) Mixture before pre-heating.(b) after  





Generally speaking, there are many techniques that exist for polishing a single crystal and 
removing the surface roughness including electropolishing, mechanical polishing and chemical 
mechanical polishing (CMP). Traditional mechanical polishing is typically done through the 
use of different grit files. Pieces of 240, 320, 1000 and 3000 grit files were used to polish the 
cubic crystal to obtain a perovskite crystal controlling its thickness and achieving smooth 
surfaces. 
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To polish the MAPbBr3 single crystal and achieve a uniform flat surface, it is necessary to start 
with the coarsest file, 240 grit and finish with the finest file, 3000 grit. Each file was used to 
smooth the crystal by hand in a clockwise motion for two minutes and then again in an 
anticlockwise motion for a further two minutes. During the polishing process, DMF was used 
to wash away the ground perovskite powder completely before switching to a softer file, 
otherwise it can scratch the polished surface. It is important to note the DMF will dissolve the 
surface slightly, however, this will achieve a smother surface. In the last step, N2 gas was used 
for drying the crystals. 
 
 
It is important to mention that using a clean beaker is necessary in order to avoid some particles 
of dust which may cause nucleation sites or may prevent growth of the crystal. In addition, 
physical disturbance of the beaker during the experiment should be avoided. Furthermore, a 
vacuum desiccator is usually used to store all the crystals either before or after testing. 
 
 
5.2.1 Factors Affecting the Growth of MAPbBr3 Single Crystal 
 
 
The success of crystallisation depends on experimentation and observation more than 
mathematical and physical calculations. In this section three experimental observation are 
presented. 
 
The first observation was that the time and temperature required for crystallisation of MAPbBr3, 
with the precursor solution at the desired concentration, varied depending on other factors such 
as the type of lid, the size of the hole and the size of the beaker used. 
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In the first experiments, small crystals were grown after a few hours, however, they were small. 
Therefore, it was obvious that even though all parameters in this experiment were constant such 
as salt, solvent, concentration, temperature and time, keeping the beaker in an oil bath on a hot 
plate without covering can lead to an increase in the concentration of solute species, providing 
tiny crystals. This can be attributed to a high supersaturation level, in which nucleation can 
dominate crystal growth [11]. Completely covering the top of the beaker, however, can prevent 
the solution reaching the supersaturation level and therefore, no crystals were formed.  
 
The second observation is that leaving the crystal longer in the solution can negatively affect 
the quality of the crystal because of evaporation of all of the solution. Producing good quality 
crystals of a suitable size is the most important step in these experiments. As can be seen in 
photographic image (Figure 5.2 (d)), large sized crystals have a rough surface. The estimated 
size of MAPbBr3 crystal after 17 hours heating at 80°C is in a range from between 1 to 10 mm2, 
as can be seen in Figure 5.2 (c).  
 
 
     Figure5 2:Photographs for MAPbBr3 single crystals grown via ITC method indicating that leaving the crystal longer in 
    the solution can negatively affect the quality of the crystal.. (a) crystal seed (b) different crystal sizes (c)size of selected 
    crystal, and (d) largest crystal after 17 hours growth
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The third observation during the growth of MAPbBr3 crystals was that the crystal grown from 
the freshly prepared solution was found to be of the highest quality in comparison to crystals 
grown from subsequent solutions recycled from the original solution as the concentration of 
constituents are already reduced . Few MAPbBr3 single crystals (around 1-3 crystals) are 
usually taken out from 6ml of MAPbBr3 precursor solution for each experiment, leaving behind 
the rest of solution. This solution was used to grow further crystals instead of discarding and 
wasting the solution and to save time compared to preparing a fresh solution for each growth 
process. The first step was to grow MAPbBr3 crystals from the fresh solution that was placed 
in the beaker, MAPbBr3 crystals were selected and taken out from the fresh solution. In order 
to get a clear precursor solution, the rest of the seeds were dissolved back into the solution and 
then the solution was filtered again and returned into an oil bath at the same temperature, which 
was 80°C. After 6 to 9 hours, the new single crystals were formed from the solution. These 
steps were repeated again. 
 
In order to check the quality of the crystals in terms of its crystalline structure XRD was 
employed. Strong diffraction peaks were located at 14.92° and 29.88°, which corresponded to 
the (100) and (200) perovskite plane respectively, demonstrating no preferred orientation 
(weakly oriented) as can be seen from Figure 5.3 below [12]. However, the peak at 100 
disappeared and a new peak in the second recycling was observed which may refer to a highly 
oriented perovskite crystal. Importantly, the width of the peaks observed in the first recycling 
were 0.15° and 0.16° FWHM for the 100 and 200 perovskite planes respectively and becomes 
broader in subsequent recycling. This indicates that the quality of the crystal deteriorates after 
repeated growth processes and becomes amorphous [14], in fact, by the third recycling no 
apparent peaks are observed (Figure 5.3) suggesting a less than amorphous structure.  Similarly, 
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Chen et al. (2018) conducted the same XRD test on MAPbBr3 and found similar results [12]. 
Therefore, these crystals from the secondary solution were of a lower quality compared to those 
from the freshly prepared solution and were not used in this study. 
 
 
                                               
 
                        


















                                 
 









                                               
                                               Figure5 3:XRD pattern of MAPbBr3 bulk crystal formed after the  repeating  
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5.3 Single Crystal Structural Characterisation 
 
 
The optical and electrical properties of Methylammonium lead bromide perovskite single 
crystal (MAPbBr3) are attributed to its crystal structure. It presents a three-dimensional regular 
arrangement of ions in a crystalline lattice, which affords a structure free from grain boundaries. 
In this section the crystalline structure of MAPbBr3 is presented in detail. 
To estimate the formability and stability of the Methylammonium lead bromide perovskite 
single crystal structure, which consists of three elements, the geometrical factors are examined 
which were presented before in chapter 2. The geometrical factors are expressions for the 
Goldschmidt tolerance factor (t) and octahedral factor (µ) [15,16]. In consideration of the 
methylammonium (MA), it is an organic cation (non-spherical) and it is difficult to predict its 
radius in order to calculate the Goldschmidt Tolerance Factor for the MAPbBr3 single crystal. 
Hence, Cheetham and co- workers (2015) solved this complexity by modifying the tolerance 
factor equation to use an effective radius of the organic cation. The organic cation in a 
perovskite structure is described as cylinders and assumed rotational freedom. Thus, the 







Where 𝑟𝐴,𝑒𝑓𝑓 = 𝑟𝑚𝑎𝑠𝑠 + 𝑟𝑖𝑜𝑛 [15,16]. 
 
 
The effective radius used for methylammonium [CH3NH3]
+ is 0.217 nm [16], the ionic radius 
of Pb+2 is 0.12 nm [17], and the radii of bromide Br- is 0.196 nm [16]. Hence, it is found that 
the calculated Goldschmidt Tolerance Factor of the MAPbBr3 crystal is 0.924. Since geometric 
strain and crystal distortions arise when the value of (t) is less than 1.11 or more than 0.85, the 
𝑡 =
𝑟𝐴,𝑒𝑓𝑓 +𝑟𝑋
√2 (𝑟𝐵 + 𝑟𝑋)
     (1) 
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MAPbBr3 crystal has a stable crystal structure, therefore, the result of 0.924 indicates a stable 
structure. 
Generally speaking, the halide perovskite structure is hard to form with unstable octahedra 
when the value of 𝜇 is less than 0.442 or higher than 0.90 [17]. However, the calculated 
octahedra factor of Methylammonium lead bromide perovskite is 0.61, thus MAPbBr3 crystal 
is formed with a stable octahedron [BX6]
-4. 
 
The stable symmetry of MAPbBr3 crystals provide the ideal electronic properties as a result of 
a high degree of ionic bonding [16-18] in which the ionic bond (Pb-Br) usually governs the 
electronic properties of perovskite more than the organic cation [18]. 
 
XRD measurements showed that all of the synthesised MAPbBr3 crystals grown via the ICT 
technique, is crystalline with a cubic phase. The XRD analysis for the MAPbBr3 single crystal 
as a bulk and powder is shown in Figure 5.4. The diffraction pattern of the powder crystals at 
room temperature revealed a cubic phase (Pm3m) with a lattice constant of 6.18°A. The X-ray 
2Ө scan on the maximal facet of MAPbBr3 single-crystal powder showed sharp peaks at 
14.92°, 21.15°, 29.88°, 33.57°, 37.01°, 43.09°, 44.27°,45.80°, 53.45°, and 55.80°, 
corresponding to the (100), (110), (200), (210), (211), (220),(300), (310), (311), (320),and (321) 
planes of the cubic crystal structure respectively, which is in agreement with others [14,19- 24]. 
Furthermore, the XRD pattern of the bulk crystal shows only (100), (200), (300) and (400) 
diffraction peaks, indicating a predominantly well-structured MAPbBr3 single- crystal. The full 
width at half maximum (FWHM) are 0.15°and 0.16° for the (100) and (200) peaks respectively, 
indicating a high-quality crystal structure of the MAPbBr3 single crystal. 
 Importantly, the crystalline nature of the MAPbBr3 single crystals is confirmed by a cross 
section SEM image after cutting the crystal. 



























































   
  Figure5 4:(a) XRD diffraction pattern of MAPbBr3 single crystal powder and bulk single crystal indicate cubic crystal structure 
   (b) FWHM curve of the (0 0 1) and (0 0 2) diffraction peaks of the MAPbBr3 single crystals indication the quality of  crystal structure. 
   (c and d) photograph and microscopic image of the MAPbBr3 single crystal and (e) SEM cross section after cutting the crystal vertically. 
 





































































y = y0 + A/(w*sqrt(pi/(4*ln(2)))) * 
exp(-4*ln(2)*(x-xc)^2/w^2)
Plot Intensity (a.u.)
y0 556.09604 Â± 38.14319
xc 30.15635 Â± 5.71886E-4
A 11210.36857 Â± 82.70352
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5.4 Optical Characterisation 
 
Since the nature of the energy band gap is an important implication on the optical properties of 
a semiconductor material, UV-Vis spectrophotometer is used to calculate the band gap of 
MAPbBr3 single crystals. It is a powerful tool to collect transmission and reflectance spectra 
from the UV to near infra-red range of the spectrum. However, it is not the best choice to 
collect absorbance spectra in the mid and far infrared range which is essentially for studying 
and identifying MAPbBr3 single crystals. Therefore, the optical properties of MAPbBr3 single 
crystals in this section are investigated by using UV-Vis spectrometer and Fourier-transform 
infrared spectroscopy (FTIR) where absorption measurements were carried out in a range of 
wavelengths, 400 -1100 nm and 2500 -25000 nm, respectively. 
The optical spectra are collected in transmission and absorption mode despite the large 
thickness of such crystals (typically 1mm), demonstrating their good optical quality. In Figure 
5.5 (a) sharp behaviour of absorbance at 574 nm is clearly observed. However, the absorptance 
rapidly saturates as a result of the large optical density of the crystals. Considering that the 
absorptance is calculated from absorbance (A) = 1 - total transmittance (TT)- total reflectance 
(RT), the light in transmission mode is no longer detected below 574nm [25,26]. In order to 
estimate the energy band gap, the Tauc analysis was used to analyse the absorption spectra 
which was determined to be 2.1 eV. This value is smaller than the reported value which is a 
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     Figure5.5: (a) Absorbance and transmittance spectrum measured by UV-Vis spectrometer indicating the sharp of  
          absorbance at 574nm (b) estimated band gap energy of a single crystal of MAPbBr3 from a Tauc plot at 2.1eV. 
 
 
The absorption of IR radiation causes the various bonds in the molecules to stretch or bend 
with respect to one another, this means that infrared vibrational spectroscopy is an important 
tool for studying the bonds of perovskite structure. Therefore, measurement of the IR spectra 
of MAPbBr3 single crystals was conducted at room temperature in dry air. 
 
Our results show that there are seven significant peaks in the spectra of MAPbBr3 single crystals 
which were grown at 80°C as seen in Figure 5.6. The wave numbers of MAPbBr3 where 
absorption was observed were 906, 953.4, 1245.6, 1466, 1567.7,2920 and 3106 cm-1 which 
represents C-N rocking, C-N stretching, C-N rocking, NH3 bending, NH3 bending ,CH3 
stretching and N-H stretching vibration, which is in close agreement with others [28,29]. In 
addition, Pb-Br, and H-Br were not observed in the FTIR spectrum as the absorption was in the 
range of 300-500 cm-1, hence, they do not show up in the spectra mode of MAPbBr3. 
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The CH3 related peak is weaker compared to corresponding NH3 vibrations. This might be a 
result of the positive charge that is located on NH3
+, enhancing the change in dipole moments 
related to vibrations of the ammonium group. In other words, there is a strong hydrogen 
bonding interaction between the amine group of the MA cation and the bromide atoms in the 
MAPbBr3 single crystal (N+- H...Br) [28]. Both the contribution and the strength of the 
hydrogen bonds in the MABr salt increased in comparison to the perovskite crystal. This is 
related to a relative intensity ratio between the N–H stretching bonds in the MABr which is 
much higher than in MAPbBr3. It was also observed that there is a narrower band at 2750-3250 
cm-1 in the MA+ salt compared to perovskite crystal, attributed to the strength of the hydrogen 
bond [29]. 
 
The crystal was found to be of high quality determined using FTIR, XRD, UV-Vis and EDX. 
This indicates an optimal composition of lead and organic compounds which affords optimal 
stability. 
 
It can be observed from Figure 5.6 that the MAPbBr3 single crystal is a pure crystal because 
indicated by the seven bonds in spectra modes. This result was confirmed by elemental map 
images and EDX elemental analysis as seen in Figure 5.7. While acknowledging the limitations 
of EDX analysis, it does provide the chemical composition of MAPbBr3 single crystal and the 
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1567.7 (NH3 bending) 3106.7(N-H stretching)
 2920 (C-H stretching)
(a)
 
                  















































                   Figure5.6:(a) FTIR spectrum of MAPbBr3 single crystals showing the seven bonds in the perovskite molecule (b) 
                  Comparison between FTIR spectra for MAPbBr3 single crystals (RED) and MABr powder (blue), showing MABr to 
                          have stronger hydrogen bond.





          Figure5.7:Separate map images for each element in MAPbBr3 single crystal with top view SEM image by EDX  








For the growth process of MAPbBr3 single crystals, not only is the thickness of the crystal an 
important factor, surface quality of the substrate, such as roughness, damage, and stress, can 
also directly influence the properties of the crystal, reducing the performance of the device. 
Therefore, it is vital for producing MAPbBr3 crystals with high quality to obtain the suitable 
thickness. In this section, how the optical and electrical properties of MAPbBr3 single crystals 
are directly affected by surface quality, and how polishing techniques can improve this quality, 
is presented. The surface quality of MAPbBr3 single crystals is investigated by structural, 
optical and electrical characterisation techniques. 
25μm 
25μm 
Br K series Pb L series 
25μm 
C K series 
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             Figure5.8:Optical and Top view SEM images of polished and unpolished MAPbBr3 crystal at different  
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Top view SEM images were obtained before and after polishing the surface as shown in Figure 
5.8. The polished surface shows a flat region with some scratches and residual particles on the 
surface. However, the unpolished crystal has a rougher surface than the polished crystal. It is 
observed on the surface of the unpolished crystal the presence of needles, plenty of nuclei and 














         
         Figure5.9: Optical measurements for comparison between unpolished and polished MAPbBr3 single crystal (a) UV-Vis 





However, there were no composition changes in the MAPbBr3 crystal as evidenced by FTIR. 
UV-Vis did not show any variation between the polished and unpolished crystals, as seen in 
Figure 5.9. 
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Electrical measurements show the effect of polishing the MAPbBr3 single crystal surface 
roughness. In order to determine surface roughness, several electrode strips (silver) were 
deposited through evaporation on top of the MAPbBr3 single crystal at the same geometry but 
at different distances at 100, 200, 300, 400 μm between any two series electrodes as can be 
seen in the image in Figure 5.10. Dark I-V curves showed that the current flow decreased 
disproportionally as the spacing between two electrodes in series increased in the unpolished 
crystal compared to the polished crystal. Additionally, despite the potential difference (V) and 
the current (I) curves in the unpolished crystal showing a straight line, they are not symmetric 
curves compared with the polished crystal because the polished crystal has a flatter surface than 
the unpolished crystal. Therefore, the results for the polished crystal demonstrated the 
importance of the smoothness of the crystal surface and the associated polishing technique for 
achieving greater contact with the electrode. Thus, non-uniform of electric field, which is 
shown in the IV measurements, may be caused from the rough interface contact. This can 










            Figure5.10: IV curves for polished and unpolished MAPbBr3 crystal indicating difference in surface flatness


































































This chapter showed how the MAPbBr3 single crystal was fabricated including the factors that 
affect crystal growth. This chapter presented both the optoelectrical and structural 
characterisations. These characterisations were essential in ensuring the overall quality of the 
crystal for experimental purposes, which was also ensured and demonstrated through polishing 
the single crystal, affording greater conductivity in application as a new contribution of this 
study. 
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Chapter 6: In Depth Investigation into the Electrical Properties 
of Methylammonium Lead Bromide Perovskite Single 




This chapter presents the fabrication details and the intrinsic electronic properties through 
characterisation towards achieving an optimal device for investigating thermal and photo 
stability. Furthermore, the process of determining the optimal material for the electrodes 
involved testing for stability. Investigating the electrical properties revealed an insight into 
mechanisms related to degradation and instability of the active material. In this research, two 








The performance of devices, including their stability, can be affected by the device structure 
including materials and number of layers and the fabrication techniques used to form these 
layers. Specifically, more complex structures involve more materials and layers, increasing the 
possibility of interfering with internal processes within the crystal or at the crystal / electrode 
interface and returning unreliable results pertaining to stability. Since the aim of this study is 
to investigate the stability of the Methylammonium Lead Bromide Perovskite single crystal, a 
simplification of their device structures is required. Moreover, device complexity should not be 
considered the only factor for device stability, the choice of electrode materials may also have 
an effect thus, affecting results. Therefore, the next step is to determine the simplest structure  
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with the most effective materials in terms of stability and performance through electrical 
characterisation of the MAPbBr3 single crystal and electrodes as a device. 
 




The device structure used in this study is comprised of a HTL (hole transporting layer)-free 
solar cell whereby the electrode is deposited directly without the need for the HTL and the 
perovskite single crystal works as the absorber and hole conductor which forms a 
heterojunction with the ETL (electron transporting layer). 
 
 
However, due to issues, such as making a crystal of a few micrometres thick, both electrodes, 
anode and cathode, are placed apart on one surface.  An electron and/or hole transport layers  is 
required for charge extraction. Ideally, the electrical characterisation of the MAPbBr3 single 




Since the edges of the valence and conduction bands for MAPbBr3 are to be 5.9 eV and 3.6 eV 
respectively [1], selecting suitable electrodes for electron and hole collecting should be based 
on the required energy band. The driving force for the efficient collection of charge carriers 
(electrons at the cathode and holes at the anode) is dependent on a built-in electric potential 
which is created between the charge collecting layers, and the work function of the perovskite 
layer. 
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In a perovskite solar cell, a quasi-ohmic contact is required for decreasing the injection energy 
barriers at the interface. This means the difference between the work function of electrodes and 
the maximum of the valence band of the perovskite layer should be small, as well as the 
difference between the minimum of the conduction band of the perovskite layer and the work 
function of electrodes. 
 
 
An N-type semiconductor can form a Schottky contact or ohmic contact, if the work function 
of the contact metal is high or low respectively. Likewise, a P-type semiconductor can form a 
Schottky contact or ohmic contact, if the work function of the contact metal is low or high 
respectively [2]. The successful choice of the electrode materials employed in this study, either 




                                 Figure 6 .1:Schematic view of work function for some materials tested in this study  including hole selective 
                                                     materials, electron selective materials and metal electrodes.
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6.2.1 Electrode Material Selection 
 
 
The appropriate work function is an important consideration in the successful selection of 
electrode materials; however, there are other properties which can improve the device PCE 
such as low resistance, being free from hysteresis and electrode stability. The hysteresis 
behaviour, which could be caused by the effects of polarisation, ionic migration or trapping and 
de-trapping processes, can have an effect on the device parameters of perovskite solar cells. 
 
Previous research has addressed these issues, Diang and Yan (2017) test with Gold, Gallinium 
and Platinum for electrode materials for a photodetector device structure [3]. Similarly, Peng 
et al. (2016) tested Indium Tin Oxide and Gold for a photodetector device[4]. A much closer 
experiment was conducted by Tisdale et al. (2018) who presented the hysteresis due to the 
electrode interface as the present study, however, with different electrode materials [5]. 
 
In the present study the ohmic contact of more materials are tested including aluminium, silver, 
selenium, copper, gold, zinc, indium and tin (see Figure 6.2) are demonstrated by using dark I-
V curves. It was found that indium, silver, tin, copper, gold and selenium had a high work 
function, and aluminium and zinc showed high oxidation (Figure 6.2). Silver was found to be 
the most appropriate electrode for the cathode for the MAPbBr3 single crystal device because 






























    Figure 6 2:IV curves for different metal electrode materials which were used for MAPbBr3 single crystal device structure 
    Showing  (a) high work function for indium, silver, tin, copper, gold, selenium and (b) shows high oxidation for aluminium and 
                  zinc. Silver was selected because the results show there was low resistance and low hysteresis . 
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Although aluminium, selenium, copper, gold, indium and tin also displayed symmetric linear 
behaviour in the I-V curves which is an indication of the ohmic nature of the contact, only 
silver afforded low resistance (high conductivity). To demonstrate this, the value of current was 
127nA at 5 volts for the silver as an electrode, while it was 1.6nA, 0.313nA, 9.7nA, 59nA, 
18.5nA , and 0.316nA for Al, Se, Cu, Au, In and Sn respectively. Importantly, gold  is shown as 
a second choice after silver comparing with other electrodes as contact metals, however it 
displayed a low current (59 nA at 5 volt). This is related to  higher work function of  the gold 
than that of perovskite which cause high barrier towards the charge carriers transfer. It  also 
was eliminated due to high cost leading to a high cost of device fabrication.   
 
In consideration of the device fabrication, the stability of the electrode material is essential. 
Although aluminium electrodes are used as cathodes in perovskite devices, because of their 
low work function and low cost, they are eliminated in this study. It was observed that the layer 
of Al was not present a few minutes after its deposition. This may be attributed to its quick 
oxidation and diffusion into the perovskite crystal compared to other metals [6] a process which 
could affect the stability of the crystal, thus potentially affecting the results in the investigation 
of thermal and photo stability. The zinc electrode is rejected in this study because of an obtained 
hysteresis behaviour which reduces the efficiency of solar cell, as can be seen in Figure 6.2. 
 
Although the use of silver for the cathode in the perovskite device is considered as the best 
choice because of its low resistance, and the difference between the work function of the 
MAPbBr3 single crystal and the silver is small, it was found in this study to offer little 
improvement in terms of the rate of charge extraction. Consequently, a bilayer of two different 
materials is used in order to achieve a high rate of charge extraction. In Figure 6.3 (a), the two 
layers are comprised of phenyl-C61-butyric acid methyl ester (PC61BM) with silver is also 
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tested as the use of an organic compound as the electron transport layer (ETL) can accelerate 
the transferring of charger carriers. However, there was a further decrease in the rate of charge 
extraction.  
Since PC61BM is an organic material it is possible that its stability will be affected under certain 
thermal and light conditions, in consideration of the fact that the crystal contains organic 
compounds, the results for stability of the crystal could therefore, be affected and was thus, this 


















  Figure 6 3:IV curves for (a) silver as a single layer and silver with PCBM as a bilayer and (b) magnesium as a single layer and 
                magnesium  with silver as a bilayer, all were used in the MAPbBr3 single crystal device structure. 
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The use of magnesium as a single layer exhibited a high hysteresis (Figure 6.3 (b)) in order to 
achieve a hysteresis-free IV measurement silver was added as a capping onto the magnesium 
to form a bilayer (magnesium 5nm and silver 200nm). The results showed that this significantly 
reduced the hysteresis (Figure 6.3 (b)), however, it was still higher than silver as a single layer. 
Therefore, silver as a single layer was selected because as a bilayer with PCBM there was no 
improvement in charge extraction. Furthermore, silver as a single layer exhibited lower 
















        Figure 6 4:IV curves for (a) magnesium as a bilayer with aluminium,(b) magnesium as single layer (c) silver as a bilayer  
      PEDOT : PSS , all used on the surface of MAPbBr3 single crystal as electrodes. (d) Image showing dissipation of aluminium 
      and magnesium. Magnesium as a single layer and as a bilayer with aluminium were rejected because of high hysteresis and  
      diffused into the crystal. Although bilayer of silver with PEDOT: PSS showed low hysteresis, it was rejected because it is organic 
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For the anode five electrode materials were found to be suitable in the MAPbBr3 device. In this 
study, carbon mixture, aluminium-doped zinc oxide (AZO), magnesium, a bi- layer of PEDOT: 
PSS/Ag and a bi-layer of magnesium and aluminium are experimentally applied with a 
corresponding cathode of the same materials in order to determine the most suitable material for 
the required Schottky contact. 
 
Although magnesium displayed a Rectifying-contact  behaviour and high current, it also showed 
hysteresis (Figure 6.4 (a)) and it could be due to a fast oxidation of Mg when evaporated on the 
surface of the crystal and thus was overruled from further consideration in this study. In order to 
protect the magnesium, 200nm of aluminium was deposited on the top of 5 nm of Magnesium as 
seen in figure 6.4 (b). The hysteresis decreased compared with magnesium alone, however, it was 
rejected because the aluminium did not offer protection for the magnesium, in fact, it was observed 
that both the aluminium and the magnesium diffused into the crystal see image in Figure 6.4 (d). 
 
Regarding the bilayer of PEDOT: PSS/Ag, although it showed good Schottky behaviour with 
almost zero hysteresis, shown in Figure 6.4(c), it is eliminated as result of its organic materials 
whereby it is possible the stability of PEDOT: PSS/Ag will be affected under experimental 
conditions. Furthermore, because the crystal contains organic compounds, the results for stability 















         Figure 6.5:(a) linear and log scale of IV for Carbon  paste by using C/ MAPbBr3/C structure, and (b) log plot IV  for  




Aluminium-doped zinc oxide (AZO) and the carbon paste were used for the first time in this 
study for the anode. However, after several experiments with a number of devices, AZO was 
proven to be an unacceptable option because it did not demonstrate a double Schottky as was 
the case for the carbon mixture (Figure 6.5(a)). For more details about this experiment refer to 
section 6.3.2. As for carbon, it is usually explored as a cathode because it is an sustainability 
material available in a diverse range, is easily modified, and has high electrical conductivity 
[7], and it is adopted for the anode in this study. From Figure 6.5(a), it is observed that carbon 
mixture has double Schottky curves with low hysteresis behaviour compared to Mg and Mg/Al. 
This result showed that the carbon mixture exhibited double Schottky, high current (1.8 μA  at 
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6.2.2 The selection process of materials 
 
In this section, both carbon paste and AZO were examined on glass substrate in order to select 
the best material for the electrical contact before using them on the surface of 
Methylammonium Lead Bromide Perovskite single crystal. 
 
6.2.2.1 Aluminium-doped Zinc Oxide (AZO) 
 
 
The aluminium doped zinc oxide was deposited on glass before putting on to the MAPbBr3 
single crystal in order to determine electrical properties. The brush technique was used for the 
deposition of AZO, followed by annealing at 120ºC for 15 minutes. Thereafter, silver with a 
thickness 200 nm was evaporated on the top of the AZO using a gap mask. TLM (transmission 
line measurement) is used to calculate the sheet resistance of semiconductor (𝑅𝑠ℎ), contact 
resistance (Rc), and Transfer length. The TLM made up of multiple electrodes that have the 
same length and width geometry but vary in the distances (L) from each other. 
When the current is flowed through the  semiconductor  from the contact 1 to the contact 2, 
The total resistance consists of resistance of semiconductor and resistance of 
metal/semiconductor interface is given as:  
 
𝑅𝑇 = 𝑅𝑠𝑒𝑚𝑖 + 2𝑅𝑐 
 
𝑅𝑇 =   
𝑅𝑠ℎ
𝑊
 𝐿 + 2𝑅𝑐 
 
 
The above equation is used to obtain the plot for  extraction of the sheet resistance value, Where  
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    From TLM curve, The contact resistance sheet resistance of AZO coated by using the brush 
 technique  is  0.31 ×1012 Ω/square, contact resistance is 0.019 ×1012 Ω, and the transfer length 
 is 0.002cm.  
The AZO which is a degenerately doped semiconductor material, is an unacceptable option for  
 the anode for the Methylammonium  lead bromide perovskite single crystal device structure, it 
 has a high sheet resistance, and thus acts as an insulator.    
 





















































Equation y = a + b*x
Plot R
Weight No Weighting
Intercept 0.03758 Â± 0.0103
Slope 3.12798 Â± 0.1794





                                          
               Figure 6 6: Calculation of sheet resistance of AZO I-V curves of AZO coated with different pad spacings of silver metal. 
 
6.2.2.2 Carbon Paste 
 
 
The black carbon paste, which is a type of carbon material, was used for the anode in this 
experiment. Initially, the carbon paste was tested by using two methods in order to determine 
the best preparation for achieving optimal conductivity for the electrical contact, these methods 
included testing a carbon paste as a mixture with different solvents, and upon determining the 
optimal mixture, it was then tested at different temperatures. 
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 A- Carbon  mixture 
 
 
The carbon mixture was prepared by using two methods. First, carbon paste was dissolved in 
Isopropyl alcohol (IPA) and thermally stirred for 10 minutes at 100°C forming a solution. The 
second method was a mixture of the carbon paste with different ratios of silicone oil (see Figure 
6.8). The silicone oil was chosen for its purity and low resistance. In both methods, the carbon 
paste mixture was deposited by brush on the surface of the glass, followed by annealing at 
100°C for 15 minutes. 
 
The IV curves in Figure 6.7 show that the second method (carbon paste – silicone oil mixture) 
has a higher current than the first method (IPA). This means that silicone oil has improved the 
conductivity of carbon paste even though it does not evaporate at 100°C. Moreover, it was 
noted that 0.05 ml of silicone oil is the best ratio to produce the highest conductivity possible 
for the carbon paste. 
                           
 

















                       
 
                                       Figure 6.7: IV measurements for different mixtures of carbon paste showing 0.05ml 
                                                 of  silicone oil  was best ratio for the higher current. 
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 B- Testing of Carbon  Paste with Silicone Oil at Different Temperatures 
 
 
A mixture of carbon paste with 0.05ml of silicone oil was experimentally tested on the surface 
of glass at different temperatures for 10 minutes as shown in Figure 6.9. The low current and 
fluctuation in the curve (hysteresis) were most apparent without heating. I- V testing at 50, 
75, 100 and 125°C showed similar results, however, 100°C exhibited low hysteresis and high 
current. 
                     



































                       
                         





































                                                        




















                          Figure 6 3 : IV measurements for carbon paste / silicone oil solution at different temperatures 
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Results in the previous section show that hysteresis or no hysteresis was observed for the 
different electrode materials. 
 
 
6.3.1 Charge Trapping 
 
 
One possible consideration for the observed hysteresis is charge carrier trapping at the defect 
sites (electronic defect) which are found at the surface of the material [10]. A possible 
explanation is that upon application of the external electric field there are more charge carriers, 
these will move to the defect sites and then to the metallic electrode before being replaced with 
other charge carriers and creating a continuous flow [9-11]. While this is a possible explanation 
for the observed hysteresis it does not offer an explanation for differing hysteresis observed for 
the different electrode materials. 
 
This is the only variable in all of the experiments and given the different results for each 
material in term of hysteresis or I– V without hysteresis, it would suggest that the attributes of 
individual metals are responsible. The explanation for such variation should be explored through 
potential mechanisms that would include processes that are related to these metals. Metals and 
perovskites have different work functions. The energy levels at the interface between the 
electrode and the perovskite material have to match in order for the charge carriers to transfer 
into the electrode, however, if there is a difference between the work functions the charge 
carriers will accumulate leading to hysteresis [12]. 
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Given the location of these electronic trap sites, at the surface of the material, and the location 
of the electrodes, it can be said that the cause of hysteresis is located at the active material / 
electrode interface [9,10,13,14]. An explanation for the differing hysteresis could lie in the 
mechanism of extraction whereby the charge carriers drift from the electronic trap site to the 
lectrode, therefore, there is a need to consider the electrode materials. The rate of this extraction 
is determined by the type of metal and therefore, has a differing effect on hysteresis which has 
been observed. This mechanism is further supported by the idea that the perovskite layer cannot 
solely be responsible for hysteresis, if this was the case then I -V hysteresis could be observed 
in all devices that have perovskites [15]. Therefore, the effect on hysteresis of the trap sites at 
the surface of the MAPbBr3 single crystal is mediated by the extraction rates of the different 
electrode materials. 
 
While electronic trapping and the associated mechanism of extraction do offer a possible 
explanation for the observed hysteresis, MAPbBr3 single crystal has been shown to have low 
defect density at the surface. Therefore, ionic defects should be considered in addition to, or in 




6.3.2 Scan Rates of IV Measurement  
 
 
The electric field in the device is supplied by the voltage source and  is controlled by the 
direction and scan rate of the sweeping current. Variation in scan rate has been attributed to 
different hysteresis [10]. It has been shown in the literature that where there are electronic 
defects they are located near to the surface or interface between the perovskite and metal 
electrode, and that under a fast scan rate the electron would move directly to the metallic 
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electrode [16]. Likewise, under a low scan rate an increased hysteresis has been shown [17] as 
a result of a build-up of electrons. 
 
 
For the experiment here, the applied external current was between +5 and -5 v applied at a 
consistent scan rate of 100 mV/s, and the results showed different hysteresis for the same 
scan rate was observed. Given that different scan rates show different hysteresis, it would be 
expected that a consistent scan rate would show the same hysteresis, however, this was not 
the case (see Figures 6.2, 6.3, 6.4 and 6.5). Therefore, this supports the idea that the electrode 
material, as another variable, is responsible for the different hysteresis observed in these 
experiments. 
 
Under a short circuit condition, where no external bias is being applied and there is no current 
flow, the electronic traps sites will empty through diffusion and combine with the respective 
opposite charges at the surface of the contacts, creating an equilibrium in the material 
[9,10,14,15,18]. Therefore, if the traps sites are empty there will be low hysteresis at this point 
which was observed in the experiments. 
 
6.3.3 Ion Migration 
 
 
Upon application of an external electric field the bonds between the ions in the crystal structure 
are broken releasing the ion allowing it to migrate and accumulate at the interface, creating 
ionic defects [18-21]. 
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As another explanation for this ion migration, related to the results in the above that a higher 
or lower work function is observed together with greater hysteresis, where such a work function 
of the electrode is present, there will be a build-up of electrons in the active material, these 
electrons increase the charge which result in breaking of the ionic bonds in the active material 
resulting in ion migration. Therefore, electronic defect density is related to hysteresis because 
these defects provide the opportunity for the ions found in the bulk of the perovskite material 
to migrate towards the electrodes [22] leading to hysteresis. 
 
 
In addition to the accumulation of ions at the interface, another consequence of ion migration 
is that the ions break away from the structure leaving a vacancy, this vacancy may be filled by 
another ion or it may be left vacant, in the case of the latter the overall material structure will 
lose stability. 
 
As has been mentioned in the literature, ion migration alone, or together with charge trapping 
has been shown to be responsible for hysteresis [10,18,23,24]. Specifically, as an explanation 
for the phenomenon observed in the results of this study, the ions, both negative and positive 
migrate to the electrodes depending on the respective polarity and become accumulated at the 
electrode interfaces. This creates ionic defect trap sites which trap charge carriers leading to 
hysteresis. However, it is important to note that the level of hysteresis is mediated by the rate 
of extraction of the specific electrode material. A greater rate of extraction would mean less 
charges in the bulk material leading to a lower hysteresis and vice versa. 
 
 
Further evidence for ion migration is the observation of a kink in the I -V curve in this study. 
Specifically, the migration of ions under a forward or reverse bias at some point will stop where 
Page | 147  
the distribution of ions is at an equilibrium. At this point there is no ion migration and a 
balanced drift-diffusion [10,13], which is an explanation for the kink observed in the hysteresis 
as can be seen in Figure 6.6 and 6.9. 
 
Another possible mechanism is more directly associated with instability of the MAPbBr3 single 
crystal material as a result of ion migration. It is possible for the ions, such as silver to combine 
with other ions, such as bromide, forming new compounds, such as AgBr at the interface [25]. 
Given that ions are either positive or negative they will migrate to their respective electrode 
under application of an external field, however, upon a reverse of the bias some heavy ions will 
not be able to migrate to their respective electrode in time due to a lower mobility, for example, 
Pb+ has low mobility and a low concentration of these ions will remain near the negative 
electrode when it changes to the positive electrode, thus being available for combination with 
the highly concentrated negative ions [25], for example with Br - resulting in the compound 
PbBr, thus different compounds will form at each of the electrodes depending on polarity and 
concentration of positive and negative ions. In fact, PbBr2 has been observed in subsequent 
experimentation of the present research as a result of heating MAPbBr3 single crystal (see 
Chapter 7 section 7.1) It is important to note it is the formation of these compounds that is 
responsible for the observed hysteresis. 
 
 
It has been shown here theoretically that the hysteresis could be due to ion migration, however, 
that alone does not offer an explanation for the observed hysteresis being different for each 
type of electrode material. There is a need to consider the possibility of ion migration, or more 
specifically, ions reacting with electrode metals to form new compounds that constitute a new 
layer between the perovskite material and the electrode which may affect the results as another 
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potential mechanism. There is the possibility that because such compounds contain metal then 
they could modulate the extraction of charge carriers at the interface [13,26]. Specific evidence 
for the role of the electrode in the hysteresis is that the electrode material has been shown to 
react with Br¯ which has a modulating effect on the capacitive current [27] leading to 
hysteresis. 
 
Thus, it is important to determine which ions are responsible for the hysteresis observed here in 
the MAPbBr3 single crystal. One possibility is H
+ ions, however, because methylammonium 
has weak acidity maintaining a high concentration of H+ ions is difficult, and therefore, their 
role would be minor in comparison to other ionic defects [28]. MA+ ions are another possibility 
where it has been shown that MA+ ions become redistributed as a result of the applied external 
electric field [29]. It has been shown that MA+ are driven and aligned to accumulate at the 
electrode interface, due to the application of an external field, resulting in hysteresis [30]. 
However, how much the migration of MA+ ions contributes to hysteresis is something that is 
still debated [31], whereby the value of the diffusion coefficient of MA+ was found to be four 
to five orders of magnitude lower than halide ions and should be considered as a potential 
possibility for the observed hysteresis [31]. In fact, this is supported by evidence which suggests 
that halide ion migration is the main reason for hysteresis [31,32].  
 
6.4 Structural Instability 
 
 
The strength of the electric field will result in different degrees of degradation, initially an 
increasing electric field will increase the length of the covalent bonds between the A sites 
cations and Br sites anions [33], effectively stretching these bonds by increasing the lattice 
parameters thus increasing lattice distortion [33] leading to a reduction in stability. 
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A larger electric field will result in reduced stability whereby there is ionic migration, 
specifically, ion migration involves the jumping of ions from one molecule to another affecting 
the orientation of ions which result in overall instability [34]. 
 
The greatest concentration of ionic vacancy defects occurs at the surface of the perovskite 
which can also travel into the bulk of the material through ion migration in the z direction  that 
can lead to hysteresis and material degradation in another part of the material, however, this 
mechanism is unclear and is not a well understood phenomenon of ion migration in perovskite 
solar cell [14]. 
 
 
6.5 HTL and ETL Free Device Structure to Understand Electrical 
Properties of MAPbBr3 Single Crystal 
 
 
Two device structures were studied in this research. The first structure comprised the MAPbBr3 
single crystal sandwiched between two silver layers as the cathode and anode, forming the 
metal/semiconductor/metal (M-S-M) structure. However, this structure cannot be used for a 
solar cell device and is demonstrated here for the purposes of understanding a perovskite photo 
detector device. The second structure will be used to demonstrate the perovskite solar cell 
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6.5.1 Ag/ MAPbBr3 /Ag Structure 
 
 
The MAPbBr3 single crystal is demonstrated as a M–S–M device in this section. It was 
fabricated using 1mm thick MAPbBr3 single crystal sandwiched between two layers of silver 
with a thickness of 200 nm. This structure was investigated under light and dark conditions for 
photoconductivity and resistivity respectively, whereby light was directed at the side of the 





A photoconductor is a material that is able to create electron-hole pairs after absorbing light, 
the separation and collection of these charges to the biased contacts are required in 
photodetector applications.  
 
In order to measure photoconductivity in the single crystal I–V measurements were conducted 
using the Ag/ MAPbBr3 /Ag structure for four samples under dark and light conditions. The 
results showed that the measured device was a photoconductor (see Figure 6.9). Importantly, 
the value of the photocurrent was equal to around four to five times than that of the dark current 
despite the fact presence of traps in the metal-semiconductor interfaces or defects as a result of 
the process of growing the perovskite single crystal. An explanation for this is that where the 
device is under the light condition, some of the photogenerated charge carriers will be trapped 
at the defect sites. Upon application of the reverse bias, the trap rate increases which depends 
on current in the device and empty trap site density [35].  
 
  















                        Figure 6.9: Photoconductivity of Methylammonium lead bromide perovskite single crystals , (a)Device structure , 
                        (b) image of device where single crystal placed in the gap between 2 silver electrodes. and (c)IV measurement under  
                        dark and light condition (taken from 4 devices)  indicating that  photocurrent was equal to around four to five times 
                        the dark current. 
 
6.5.1.2 Sheet Resistance of MAPbBr3 
 
 
In order to measure the resistivity of the MAPbBr3 crystal it was first necessary to measure the 
sheet resistance of this crystal. The Transmission Line Model (or Transfer Length Method) 
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TLM structure was fabricated by evaporating silver metal on the perovskite single crystal with 
the same geometry of length (L) and width (W) and varying distances. I-V measurements were 
carried out by a sweeping voltage between -5 and 5 volts and measuring the current across each 
resistor at a varied separation between the electrodes which were 100, 200, 300, 400, 500 and 
600 µm (see Figure 6.10). 
 




























                                                Figure 6.10: I-V curves of Methylammonium lead bromide perovskite single crystals at  





From TLM analysis, The inverse of the slope of each individual curve is the resistance and total 
resistance is plotted as a function of the pad spacing to extract sheet resistance, contact 
resistance and transfer length (see Figure 6.11) by using the equation below: 
 
 
𝑅𝑇 =   
𝑅𝑠ℎ
𝑊




    
(3) 
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Where width of contact (W= 1cm ), different contact separation(L=100, 200, 300, 400, 500and  
600µm). sheet resistance  Can calculate by known slope = 
𝑅𝑠ℎ
𝑊
 .  From figure 6.11, sheet resistance 
 is 0.35×109 Ω/square, contact resistance  is equal  to 26 ×106 Ω, and the transfer length is 703 µm.  
The resistivity  of MAPbBr3 single crystal can be calculated by multiplying the sheet resistance 
 (Rsh) , by the thickness of MAPbBr3 single crystal (t=0.1cm). Thus, the resistivity of of MAPbBr3  











                                                                                   





                                          
                                      Figure 6.11:TLM fitting curve of MAPbBr3 /Ag ohmic contact calculating sheet resistance 
 
 
6.5.2 Carbon/ MAPbBr3/ Ag Structure 
 
 
The carbon paste, which is a type of carbon material, is used as an anode whereas silver is used 
as the cathode for a photodetector single crystal. Since the selection of materials for device 
structure can affect the performance and stability of perovskite devices, regular n-i-p based 
























Equation y = a + b*x
Plot Resistance
Weight No Weighting
Intercept 52.3 Â± 1.79348
Slope 0.03529 Â± 0.0046
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perovskite photodetector were fabricated using C/MAPbBr3/Ag in order to optimise the 





































               Figure 6.12:(a) Device structure of C/ MAPbBr3/Ag and its band diagram, and (b) I-V curves of C/ MAPbBr3/Ag  




The current-voltage experiment was conducted with the C/MAPbBr3/Ag under dark and light 
conditions. The results revealed that for both conditions charge trapping and detrapping was 
observed at the interface, however, hysteresis was observed to be increased under the dark 
condition.  
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Possible explanation as to the reason for this observation requires revisiting the abovementioned 
mechanism. Under both conditions there will be an increase in charge carriers at the interface. 
Under the dark condition the charge carriers will accumulate in the material because they do 
not have enough energy to jump the interface barrier and therefore, they become trapped in the 
trap sites at the interface, this mechanism provides an explanation for the observed hysteresis 
(see Figure 6.12). Under the light condition there is an increase in the number of electrons, 
however, they will have enough energy to cross the interface barrier and consequently 





As part of device development for the selection of electrode material, this chapter presented the 
investigation of electrical properties of MAPbBr3 single crystal under light and dark conditions. 
As part of this development there was an explanation of the observed hysteresis for different 
electrode materials and considered mechanisms including charge trapping. However, while this 
charge trapping was a possible explanation for the hysteresis, it did not offer an explanation for 
the different hysteresis for different electrode materials. However, these observed differences 
indicate to the differing roles played by different electrode materials. Silver was determined to 
the best material for the electrodes where it showed no hysteresis and therefore, was suitable 
for identifying attributes of the perovskite, MAPbBr3, that would be responsible for hysteresis.  
 
    The results indicated involvement of the interface for identified possible mechanisms for 
hysteresis. This was evidenced by the involvement of charge extraction rates at the interface 
for different electrode materials. Another explanation for the observed hysteresis was an 
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interaction of ions with electrode materials forming a new material layer between the bulk and 
the electrode which could contain metals modulating extraction of charge carriers. The chapter 
revealed three possible mechanisms for hysteresis which will be considered in further 
experimentation involving temperature and light which are reflective of operating conditions. 
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     CHAPTER 7: Investigation of Thermal Stability of  
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       CHAPTER 7: Investigation of Thermal Stability of  





Photovoltaic devices in use are often under extreme weather conditions, in particular heat. As 
part of investigating the degradation of MAPbBr3 single crystal the influence of temperature 
on the crystal properties is provided in this chapter. 
 
The three-dimensional regular arrangement of ions in the crystalline lattice of 
Methylammonium lead bromide perovskite single crystal was presented in Chapter 4. From the 
literature the Madelung electrostatic potential shows that halide perovskites have exceptionally 
low lattice energy values of just (-29.71 eV/cell) at room temperature, this is because the halide 
belongs to the VII group of anions [1]. Consequently, it is easy to break the bonds between the 
ions, and low ionization potential for halide perovskite is expected. Hence, some physical and 
chemical properties are affected by its low lattice energy meaning that the bond between the 
ions in compound is weak which makes it easier to break the bond and separate ions. 
 
 
In Chapter 5, the Goldschmidt tolerance factor and octahedral factor provided guidelines for 
describing Methylammonium lead bromide perovskite formability and stability at room 
temperature. Here it is determined how temperatures can affect the structure of the MAPbBr3 
single crystal through testing the single crystal as a material and within a device structure. 
Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC), FTIR, XRD, 
SEM and UV –Vis spectroscopy are used to test the single crystal as a material. For electrical 
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testing IV and CV measurements are used to test the material in a device structure, specifically, 
a Ag/ MAPbBr3/Ag structure. 
 
 




Even if the perovskite applications was made with a structurally stable Methylammonium lead 
bromide perovskite single crystal, it is not guarantee that the crystal will remain stable under 
external conditions such as heat. In this section, the thermal properties of MAPbBr3 as a 
material are extensively studied because it is important to understand the thermal response of 
the individual components of this material before investigating the thermal stability of its 
crystal form. Therefore, the thermal behaviour of the organic (MABr) and inorganic (PbBr2) 
materials and MAPbBr3 single crystal material were examined by using the Thermogravimetric 
analysis (TGA) and Differential scanning calorimetry (DSC). These were also conducted by 
Liu et al. (2015), however, using DSC they only tested the organic component, whereas the 
present study tested both the organic and inorganic components using DSC[2]. 
 
 
7.1.1 Thermogravimetric Analysis (TGA) 
 
 
TGA was used to investigate the decomposition process of the Methylammonium lead bromide 
perovskite single crystal material and its individual components, namely, organic (MABr) and 
inorganic (PbBr2) components separately, under the application of heat. All the TGA data was 
collected at a 5°C/min heating rate as shown in Figure 7.1. 
 


















     Figure7.1: Thermogravimetric analysis showing the weight loss and derivative weight loss of MABr and PbBr2 as a function 





The organic component (MABr) of the MAPbBr3 material showed a 95% weight loss in a 
single step, the onset of which started near 180°C, which was mainly due to the sublimation of 
MABr. These results were supported by other studies [3,4]. Similarly, the TGA curve for the 
inorganic component, lead bromide, demonstrated 50% mass loss at 370°C which is close to 
the established degradation temperature for PbBr2 at 373°C. This degradation and subsequent 
loss of mass was caused by the sublimation of bromide as indicated by the sharp transition in 
the differential TGA curve. At 400°C there was a complete loss of bromide from inorganic 
component due to the aforementioned sublimation which is consistent with the data provided 
by some other studies [4,5,6]. 
 
The TGA curves of MAPbBr3 single crystal material at heating rates of 5°C/min and 20°C/min 
are presented in Figure 7.2. Results show different behaviour for each rate in the two 
thermograms due to different heating rates in the single crystal perovskite material during the 
decomposition process. 









































































    












  Figure7.2: TGA of weight loss as a function of temperature for crystals at different scanning rate 5°C/min and 20°C/min showing 





At 20°C/min it was observed that the weight loss of 57 % occurred approximately between 
300°C and 400°C. For this decrease in mass it was observed from the TGA curve that it 
occurred in two steps (see Figure 7.2). In order to investigate these steps, formula weights were 
to determine the relative weights of products and reactants in a chemical reaction. 
 
 
Through this calculation it was determined that the first step of the mass decrease was attributed 
to thermal decomposition of the organic component of the perovskite material, specifically 
CH3NH3Br. As for the second step, the formula weights calculation showed that it was related 
to a loss of Bromine from the inorganic component, which left behind a black solid residue, 
identified as lead, as seen in Figure 7.3. These findings are in agreement with findings reported 
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CH3NH3PbBr3 (s) = CH3NH3Br (g) + Br2 (g) + Pb(s) step 2 
 
 




During the temperature increase from 400°C to 600°C, no weight loss could be observed from 


















              Figure7.3:(a) flame test of residues of MAPbBr3 crystal, (b) calibration curve of AAS, both used to determine 






In reference to the black solid residue, as seen in Figure 7.3, a flame test and Atomic Absorption 
Spectroscopy (AAS) were performed to show that the residue was lead. The flame test was used 
to identify the presence of certain elements such as Cobalt, Iron and Sodium based on the colour 
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appearing in the flame. It can be seen in Figure 7.3 (a) showed a white flame upon application of 
the MAPbBr3 residue, thereby confirming the presence of lead as the residual material. AAS was 
performed using a solution of the residue the results showed that lead was present in a high 
concentration in the solution. The concentration of the lead is estimated by using the standard 
calibration plot that was obtained by AAS from a range of 0 -1 mg/l of lead. As seen in Figure7.3 
(b), this equation is y = 0.0325 x, where 0.0325 is the slope of the line, and the value of 
determination coefficient (R²) is 0.978. By correlating its absorbance, the concentration of the 
lead was estimated to be 0.862 mg/l.  
 
In Figure 7.3, TGA analysis was used to prove that the decomposition process of 
Methylammonium lead bromide perovskite single crystal at 5°C/min took longer heating duration 
compared to a heating rate of 20°C/min. This indicate that Methylammonium lead bromide 
perovskite single crystal could be heated at 5°C/min in order to reduce the sublimation process. 
In future application, it is recommended that when use Methylammonium lead bromide perovskite 








After understanding the heat-induced degradation of MAPbBr3, MABr and PbBr2 through weight 
 loss and Differential Scanning Calorimetry (DSC) was used to understand the thermal degradation  
of MAPbBr3 single crystal. DSC provides information about phase changes of a sample that 
 occur as a function of temperature. Specifically, this is determined from a sample that is heated 
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The MAPbBr3 crystals remained stable when heated between 30-300°C as can be seen in Figure 
7.4. No glass transition was recorded because of its pure crystallinity between these temperatures 
which means no phase change took place. Therefore, it was necessary to obtain the DSC curve 
after heating the crystalline perovskite from 300 – 420°C for different heating rates (5°C/min, 
10°C/min, 15°C/min, and 20°C/min). It was observed that the instability in the composition of the 
























                                  Figure7.4: DSC curve of MAPbBr3 crystals obtained after heating from 30-300°C indicating 
                                                         stability and no phase changes 




Long sharp exothermic peaks were observed for all four heating rates. However, it is important to 
note that the peaks, that represent thermal decomposition of MAPbBr3 due to structural change 
from the cubic to the tetragonal phase [14,15], occurred at different temperatures, specifically; 
5°C/min at 373°C, 10°C/min at 385°C, 15°C/min at 395°C and 20°C/min at 400°C. Thus, it is 
observed that a lower heating rate leads to decomposition at a lower temperature.  
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A lower heating rate means that the sample is under the influence of heat for a longer period of 
time which may have an effect on the structure. Further evidence for this idea is that although it is 
expected that a higher temperature rate would lead to decomposition earlier, the results show it 
does not, this suggests that temperature rate has a greater effect because heat is being applied for a 
longer period of time. In fact this is supported by [16] who in using DSC for characterising complex 
materials, said that transitions are kinetic events and are therefore, a function of time and 
temperature, thus a transition will occur at a higher temperature when heated at a higher rate 
because it has had less time at a particular temperature. The exact inverse of this phenomenon has 
been observed here, where a longer exposure to temperature, from a lower heating rate resulted in phase 
changes occurring at lower temperatures [16]. In consideration of these findings, the attributable factor 
appears to be length of time that the samples are exposed to heat, thus a possible explanation for this 
observation is that longer exposure to heat means, i.e. lower scan rate, more time that structural bonds 
are exposed and thus lead to decomposition at a lower temperature.   
 
It was also observed that for 10°C, 15°C, and 20°C/min there were fluctuations close to the large 
exothermic peak, indicating that phase changes were disordered for these temperatures. However, 
for 5°C/min there was no such phenomena indicating a more ordered cubic structure at low 
temperature [17] (see Figure 7.5). Therefore, we recommend that MAPbBr3 should be heated at 
5°C/min in order to obtain a stable transition phase, as a higher rate may result in unstable 
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                                      Figure7.5: DSC curve of MAPbBr3 single crystal different scanning rates: 5, 10, 15, and 20°C/min  





Another indication of decomposition, in addition to the abovementioned phase changes, is the 
activation energy of the MAPbBr3 single crystal. To calculate the activation energy the non- 
isothermal differential scanning calorimetry (DSC) measurements and popular non-isothermal 
mathematical models, such as Kissinger and Ozawa methods, are often used to study the 
activation energy Ea which is the most important kinetic parameter of energetic materials. 
Kissinger’s method is described as an important kinetic parameter to show the shape and 
temperature of the reaction at exothermic peaks [18]. 
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Using Kissinger’s equation (equation 1), the activation energy was calculated using inverse 
temperature and ln(β/𝑇2), and the plotted gradient of the line was used to estimate the activation 
energy as seen in Figure 7.6 (a). The activation energy of the crystallised material was found to 
be 166.9 KJ/mol (1.74 eV). 
 
 
Using Ozawa’s established theory of kinetic method by assuming that the reaction order is a 
constant value, can be seen in equation 2. Ozawa provides the equation which is a simple 
relationship between heating rate and peak temperature where the gradient plot is represented by 
the activation energy as seen in Figure 7.6(b) [19]. The value of activation energy is 168.7 KJ/mol 









    
 
 
Where β is the heating rate, Tp is the peak temperature, A is the pre-exponential factor, Ea is the 
activation energy and R is the gas constant (8.14 J/mol. k). In order to allow the MAPbBr3   
molecules to transition from a stable cubic structure to a tetragonal structure, the minimum 






















































































    Figure7.6:Activation energy calculations (a)Kissinger’s plot for MAPbBr3crystal, and (b) Ozawa’s plot for MAPbBr3  crystal, both 
                                         showing minimum activation energy was found at 167.85 KJ/mol. 
 
 




Perovskite photoconductive halide materials are prone to degradation under various 
environmental conditions such as humidity, oxygen, UV light, heat and other factors. 
Therefore, effort addressing the stability of perovskite photoconductive towards the 
development of enhancement strategies while maintaining high performance, is a necessary 
endeavour.  
The present research is concerned with photoconductive devices in which MAPbBr3 exists as 
a single crystal. In this section the thermal stability of the single crystal is presented, firstly, as 
a single crystal using UV-Vis spectrometry, XRD, FTIR, EDX, and SEM, and secondly, as 
device structure using dark current voltage.  
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For the single crystal alone, thermal stability is examined at various temperatures 50, 80, 120, 170 
and 220°C at a constant over 360 minutes using the aforementioned optical characterisation 
techniques. The single crystal as a device structure is investigated at temperatures starting from 
temperatures from 24°C to 220°C with increments of around 25°C in order to reveal activation 
energy using Arrhenius equation to reveal activation energy.  
 
Thermal stability is an important factor for stability of perovskite applications. Operation of 
photocurrent under direct sunlight can cause an increase in device temperature, higher than ambient 
temperature. Therefore, stability of perovskite photocurrent continues to be a challenge. In this 
section, we systematically studied the thermal stability of MAPbBr3 single crystal with 1mm 




7.2.1 Band Gap and Temperature 
 
 
UV-Vis spectrometry was used to measure the band gap as an indicator of structure. Despite the 
fact that the band gap of Methylammonium lead bromide perovskite single crystal is around 2.1eV 
as seen in Chapter 5 (Figure 5), the energy band gap was found to decrease gradually with an 
increase in the duration of applied temperature at a constant. Notably, decreasing absorbance is 
clearly observed as the duration of heating increases from 120°C and 170°C. In contrast the energy 
band gap remains the same during the heating of the MAPbBr3 single crystal at 50°C and 80°C 
evidenced by no change in absorbance during the annealing of the crystal at these temperatures. 
These findings confirm that the MAPbBr3 single crystal has a greatly enhanced thermal stability 
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over a period of six hours at 80°C. At an even higher temperature, 220°C the band gap disappears, 
and the semiconductor properties cease (Figure 7.7).  
 
What the results therefore show, is that an increased temperature results in a corresponding 
decrease in the band gap dependent on duration. However, in application as a solar this decrease 
in the bad gap would not be an issue as normal operating temperatures would not be this high, 
however, the results presented here are relevant to other applications such as photo detectors in 
high temperature environments.  
 
 Therefore, conclusion is longer exposure mechanisms is dependent on temperature only works at 
a certain point. It is observed that under the higher temperature the decrease in the band gap takes 
place from the outset of the heating process (for example 220 ⁰C), therefore, would suggest that 
temperature, as opposed to length of time exposure to temperature is the significant factor.  
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Figure7 7: (a) UV-Vis spectroscopy for bandgap over time for perovskite crystal under high temperatures 50,80, 120 and170˚C over  
0,1,2,3,4,5,6 hours, showing decreasing absorbance for 120˚C and 170˚C, and (b) UV-Vis spectroscopy for absorbance over wavelength  
at 220 ˚C  over 0,1,1 and 3 hours showing the band gap disappears after one hour heating. 
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It was observed visually that the direction of decomposition was from the surface of the crystal 
to the bulk. Therefore, this prompts investigation of surface degradation as well as the structure 
of Methylammonium lead bromide perovskite single crystal in relation to thermal stability 
using heating induced degradation experiments. Towards understanding this structure under 
various temperatures FTIR spectra are used in order to compare the transmittance spectra of 
Methylammonium lead bromide perovskite single crystal after every hour up to six hours of 








       Figure7.8: FTIR analysis of perovskite single crystal at 24, 50, 80, 120,170 and 220°C after 6 hours annealing showing That 
      For  50˚C and 80˚C no bonds are missing, forming or shifting, for 120˚C and 170˚C the strength of the bond decreases over  
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It was observed that there are no bonds missing, forming or even shifting during the full six 
hours heating time at 50°C and 80 °C, this is in contrast to other higher temperatures, as seen 
in Figure 7.8, whereby although there are no bonds missing or forming for 120°C and 170°C, 
the strength of these bonds reduces over the period of six hours. 
 
At 220°C the N-H bond is missing after heating Methylammonium lead bromide single crystal 
for 4 hours (see figure7.9), which means the perovskite is starting to decompose to gases HBr 
and CH3NH2 due to degradation of the organic molecule MA, which is an explanation for the 


























                         Figure7.9: FTIR analysis of perovskite crystal at 220°C at different durations of heating time 0,1,2,3,4,5,6 hours 
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Furthermore, the aforementioned surface degradation was observed after six hours of heating 
at 220°C evidenced by a full change in the surface colour to white, although this process did 
start at 170°C (see Figure 7.10). Thus, there is a surface-dominated reaction, which was not 
observed in the surface after 6 hours of annealing at 50°C, 80°C, and 120°C. The degradation 
process continues until all of the bulk degrades. Importantly, this change in the colour from 
orange to white is a result of the release of MA from the perovskite bulk via sublimation 
leaving the lead bromide behind. Specifically, PbBr6 is transformed to PbBr2 whereby the weak 
bonds are broken, thereafter, PbBr2 relaxes into its energetic structure and the white- colored 
lead bromide (PbBr2) is shown as a product of this decomposition. FTIR spectrum was not 
used here as Pb-Br and H-Br were not observed in this spectrum because the absorption was 
in the range of 300 – 500cm-1, therefore, they will not be seen in the spectra mode of MAPbBr3. 
Further evidence for this process is the EDX pattern which shows that at 220°C after six hours 
PbBr remains (see Figure 7.11). 
 
                             
 
                              Figure7.10: photographs of MAPbBr3 after annealing for 6 hours at 24, 50, 80, 120, 170 and 220°C  
                             showing change in surface colour from orange to white at higher temperatures indicating the release 
                                                                             of MA from perovskite. 
24 ⁰C 50 ⁰C 80 ⁰C 
120 ⁰C 170 ⁰C 220 ⁰C 
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                               Figure7.11: EDX patterns of the single perovskite crystal after six hours at 220°C showing lead  




7.2.3  Phase Transition and Temperature 
 
 
It is clear that the structural stability determines whether the crystalline structures, i.e. cubic 
and tetragonal, are stable for a wide range of external factors such as heat, light and moisture. 
Therefore, after checking the optical and structural properties of MAPbBr3 single crystal at 
various temperatures and durations in the above, it is now necessary to illustrate the change in 
XRD patterns for perovskite single crystals at different temperatures after six hours of heating. 
Similar research was conducted to test the thermal stability of MA1−xCsxPbBr3 as a single 
crystal using XRD [20]. 
As seen from figure 7.12, most of the peaks related to perovskite cubic structure are present in 
the diffraction pattern after six hours heating. The behaviour of these peaks changes with an 
increase in temperature. After six hours exposure of the crystal to 50°C or 80°C, the intensity 
of the peaks change, however, the presence of these peaks still means that the structure of the 
MAPbBr3 is cubic although the difference in the intensity (as seen in figure 7.12) in the XRD 
pattern after six hours exposure to 120°C, 170°C and 220°C shows a transition to the tetragonal 
phase as indicated by a splitting in the peaks at these temperatures, see Figure 7.12. For example, 
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splitting within the peak (200) is in an indication of phase transformation to a lower symmetry 
[20]. In other words, the structure of the Methylammonium lead bromide perovskite single 
crystal underwent several structural transitions after six hours of annealing at these 
temperatures. Further indication of a shift to the tetragonal phase is an observed shift in main 
peaks towards a lower theta value with an increasing temperature, this confirms that the crystal 
structure underwent elongation, an attribute of the tetragonal phase, where the dimension of the 
simple unit cell is expanded.  
 
As noted in the above, it was visually observed that the crystal started to turn white at 170°C 
and completely white at 220°C due to the lead bromide (PbBr2) left behind, this would represent 






























  Figure7.12: XRD patterns of the single perovskite crystals under different temperatures at 24,50,80, 120,170 and 220°C   for six  
                                              hours showing phase changes. 
 













































      Figure7.13: SEM images for MAPbBr3 after their annealing for 6 hours at 24, 50, 80, 120, 170 and 220°C (a) at the surface,  
    and (b) vertical cross section. Images indicate changes on crystal surface become thicker for each subsequent temperature increase. 
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In the above (see Figure 7.12) it has been shown that there are phase changes evident for each 
temperature. Furthermore, in the pictures below there is a visually observed process of 
whitening of the surface of the crystal that is thicker for each subsequent higher temperature. 
Therefore, there is a link between this observed whitening of the crystal and the phase changes 
Given that it has been established in the above that the whitening is a result of sublimation of 
the organic compound leaving behind lead bromide and that this also indicates, to a certain 
extent, the process of a phase change to the trigonal phase [21], it would stand to reason that 
at the stage the observed whitening at 120°C (Figure 7.13 (a)) sublimation is taking place and 
therefore, trigonal is observed together with tetragonal, the latter evidenced by a split in the 
peak at 120°C and the former evidenced by the start of the whitening of the surface at the same 
temperature (Figure 7.13 (b)). At the next higher temperature 170°C further whitening takes 
place, while at the same time there is a tetragonal phase, further evidence that the tetragonal 
and trigonal phases are existing simultaneously [23]. Finally, at 220°C the whitening is even 




7.2.4 Dark Current  Activation and Temperature  
 
 
Dark IV curves were measured at various temperatures from 24°C to 220°C with increments 
of around 25°C in order to reveal activation energy, as shown in Figure 7.14 below. It was 
revealed that the dark current curves at different temperatures showed an ohmic linear nature, 
the dark current increases with an increase in the temperature as well as an increase in applied 
voltage. In Figure 7.14 (a), these specific effects are shown over this temperature range. The 




Page | 182  
To determine the activation energy in the MAPbBr3 crystal, the Arrhenius equation was used 




                   (3) 
 
   Where Rdark and R0 are dark resistance and the pre-exponential factor respectively, Ea is the 
   activation energy, T is the temperature in kelvin and KB =8.617×10-5 K-1.eV which is  the 
   Boltzmann constant      
 
In Figure 7.14 (b), the graph is divided into two regions; the activation energy of MAPbBr3 is 
0.22eV at the low temperature region (24°C - 100°C), while it increases to 0.8 eV at the high 
temperature region (120-220°C). Increase in the activation energy is related to thermal band-
to-band (intrinsic) kinetics [22]. The activation energy in organic materials is an indication of 
the energy difference between the Fermi level and transport level [23]. An increase in 
temperature causes the carriers to become thermally excited and they jump to the conduction 
band which leads to decreased resistivity and a current flow that is linked to temperature [25]. 
Furthermore, the observation that there is an increase in the activation energy associated with 
an increase in temperature is attributed the fact that increasing temperature narrows the band 
gap.   
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                                          (c)           24°C                 120°C               170°C                   220°C  
                                                                
        
                  
                   Figure7.14: single perovskite crystals annealed at different temperatures: 24,50,80,100,120,150,180 200 and 220°C  
                 (a) current vs. temperature at different electric fields showing current remaining stable below 100˚C for all voltages, 
                  (b) Arrhenius plot at 5 volts to calculate activation energy ,and (c) photographs of MAPbBr3 after annealing 




This chapter has presented the investigation of the effect of temperature of the stability of the 
MAPbBr3 single crystal. This was achieved through testing the single crystal and as a device 
structure, specifically, through the various techniques there was extensive testing of the thermal 
properties. The results revealed that temperature had an effect on material stability in a number 
of ways. TGA revealed a loss of mass through the sublimation of the organic component of 
MAPbBr3 and a loss of inorganic bromine associated with increasing temperatures, leaving 
behind lead residue which was confirmed by AAS and a flame test. DSC was used to determine 
associated phase changes in the material which were observed at different temperatures, 
however, the rate of heating was found to be significant in this process, whereby it was found 
that for a lower heating rate decomposition took place at a lower temperature due to the material 
being exposed longer to heat. DSC also determined that it is recommended to heat MAPbBr3 
at a rate of 5°C /min to a achieve stable transition phase. Phase changes were also observed 
with increasing temperature by XRD and that these phase changes can occur through elongation 
and sublimation and a trigonal phase was achieved, evidence by sublimation of the organic 
compound, a process that increased with increasing temperatures. This was observed visually 
whereby a white layer, as a result of lead bromide left behind through this sublimation, increase 
in thickness with increasing temperatures. Therefore, increasing temperature was instrumental 
in the observed surface degradation of the single crystal 
 
Furthermore, it was revealed that higher temperatures were required for material 
decomposition, evidenced by a lack of structural change at 50°C and 80°C, over a heating 
period of six hours using optical characterisations, whereby degradation was observed at 
120°C, 170°C and 220°C. 
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The application of DSC together with Kissinger’s and Ozawa’s non-isothermal mathematical 
models were used to calculate activation energy. This was supported by electrical 
characterisation which found higher activation energies for high temperatures attributed to a 
decreasing band gap. Further evidence of this phenomenon is that using UV-Vis and IV dark 
current a relationship between temperature and band gap, specifically, higher temperature 
resulted in a narrowing of the band gap, even to a point where it disappears, was revealed. 
Using UV-Vis it was observed that the band gap started to narrow at 120°C after a period of 
six hours heating. This phenomenon is also supported by the results of the IV dark currents 
which showed an increase in the activation energy, an indicator of a decreasing band gap, also 
at 120°C. This is a contribution of the research whereby changes in the band gap, associated 
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         Chapter 8: Investigation the Photostability of  
Methylammonium Lead Bromide Perovskite Single Crystals 
 
 
In the previous chapter it has been shown that heat alone did have an effect on the stability of 
the single crystal, suggesting that electrodes may not necessarily be solely responsible for 
observed instability. Therefore, there is a need to test the single crystal at room temperature, 
not as a device, under light conditions using optical and structural measurements, to check for 
instability that may attributed to light alone. After that, MAPbBr3 single crystals were tested as 









MAPbBr3 single crystals are examined under different light conditions provided by a xenon  
lamp which is emitting continues spectrum from ultraviolet  to infrared  regions covering visible 
region in order to determine if there is an effect on material stability. Three different light 
intensities are applied over a period of 100 minutes to the MAPbBr3 single crystals which were 
without filter (85.8 W/m2), ND2 (42.9 W/m2), and ND4 (21.45 W/m2) and stability was 
investigated using XRD, FTIR and SEM.  
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Using XRD for all three light intensities, the crystal structure of MAPbBr3 was remained in a 
cubic phase, as indicated by the position of the peaks in the XRD pattern being the same (see 









         













     Figure 8.1: (a) FTIR analysis, and (b). Semi-log plot of XRD diffraction pattern for MAPbBr3 single crystal after expose to      





Furthermore, the results for the FTIR also confirm that there was no structural instability in the 
MAPbBr3 single crystal for all three light intensities, as indicated from a comparison between 
samples exposed to the different light intensities for a period of 100 minutes (see Figure 8.1 
(a)). It was observed that there are no bonds missing, forming or even shifting during the full 
100 minutes after expose to different light intensities. Further experiments, using SEM images 
were performed on the crystal before and after exposure to light without a filter (85.8 W/m2). 
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It was observed that no material degradation took place (see Table 8.1). While full solar 
irradiation can degrade perovskite materials in the ambient condition, there was no observable 
change on MAPbBr3 perovskite single crystal bulk using FTIR, XRD and SEM when the 
crystal was exposed to light for 100 minutes. 
 
     Table 8.1: SEM images for MAPbBr3 single crystal before and after exposure to unfiltered light 





                              
 
 
8.2    Photocurrent Transients 
 
 
Photocurrent transient will show the effect of both light and dark conditions being applied 
intermittently; the idea is to reveal the recovery of the material, in reference to stretching and 
recovery of bonds, under the dark condition by using Ag/MAPbBr3/Ag as a device structure. 
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This transient measurement can reveal mechanisms including the generation of current and the 
recombination of charges in perovskite materials [1]. 
 
Three light intensities were switched on and off over a period of time at a constant bias of 5 
volts. The light intensities were 21.45, 42.9 and 85.8 W/m2 which were provided by using the 
filters ND4 and ND2, and without a filter, respectively. The intermittent timings for switching 
the light on and off were 4 minutes, 2 minutes and 30 seconds. This has previously been tested 
by Shaikh (2016) who tested photocurrent transients for a photodetector device with MAPbBr3 
single crystal, and Fang et al. (2015) who did the same with MAPbI3 single crystal[2,3]. 
However, white light was used for both studies, in the present research a solar simulator was 
used.  
The results show that in the case of a high-power light intensity (85.8 W/m2), the photocurrent 
is consistently high for all three on-and-off light time intervals. However, there are observed 
differences in the shape of the peaks; for the 4 minute on-and-off interval there was an observed 
decrease in the photocurrent density at each subsequent peak under the light condition (see 
Figure 8.2 (a)), where the time was decreased to 2 minute on-and-off intervals the photocurrent 
density remained stable for each peak under the same light condition (see Figure 8.2 (b)). At 
the 0.5-minute time interval, again under the light condition, there was a gradual increase in 
photocurrent density for each peak. For the first peak there was and observed sudden peak, 
indicated in Figure 8.3 (c). An explanation for the anomalous transient photocurrent behaviour   
is  trapping/detrapping at the interface between metal and active layer. Upon application of the 
light. there is an accumulation of charge as a result of a non-equilibrium of transport of charge 
carriers in the device, leading to an accumulation of charge which redistributes the electric field 
[4-10]. As the illumination continues the concentration of charge carriers at the interface will 
continue until the rate of this migration is balanced by the rate of transfer across the interface 
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and recombination (charge trapping and de trapping), creating a steady state concentration [4-
10]. When the light is switched off suddenly there is a rapid decrease in the flow of charge 
carriers, however, extra charge carriers continue to migrate to the surface and could become 
trapped, and because there is no light the magnitude of the de-trapping process could be 
decreased, and it is the resulting trapped carriers that cause the cathodic current overshoot [4-
10].  
 
Where there was a longer exposure to light, (4-minute intervals) each of the observed peaks 
showed a decrease in the current. In consideration of the mechanism described in the above, a 
longer exposure to light would produce more hole and electrons which would accumulate at the 
surface, the corresponding rate of extraction would not be sufficient to achieve the 
aforementioned steady state concentration, therefore, there will be an accumulation of these 
charge carriers at the interface which would lead to the observed decrease in photocurrent 
density for each peak (see Figure 8.2 (a)). Where there is a decrease in the light exposure time 
to 2-minute intervals, an increase in the current is observed which then stabilises, reflecting 
achievement of a steady state concentration. This can also be attributed to the abovementioned 
process, less exposure to light means less accumulation of charge carriers at the interface 
allowing the extraction rate of the electrode to achieve the steady state, in other words the 
extraction and recombination of charge carriers in the electrode is equal to the rate of arrival of 
these charges at the interface. 
 
 
Under the shortest light exposure, at half minute intervals, there is a distinctive shape observed 
in the curve which reflects an exponential increase in the photocurrent density. One observation 
of this phenomena is that whatever the cause is, it takes place before the optimal photocurrent 
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density is achieved, as opposed to the other two photocurrent transients (4 minutes and 2 
minutes) where the respective phenomena occurred after the optimal photocurrent density was 
achieved. 
 
This would suggest that the applied current and light created conditions that subsequently led 
to those phenomena, however, in the case of the half-minute photocurrent transients the 
phenomenon, i.e. the exponential increase in photocurrent density, occurred before the optimal 
photocurrent was achieved. Therefore, this could be attributed to conditions that were present 
before the application of current and light. An explanation for this observation is related to the 
period of darkness, under the half-minute photocurrent transit the period of darkness is less (i.e. 
0.5 minutes as opposed to 2 or 4 minutes) and there would be less time for the charge carriers 
to de-trap through the process of drift whereby the charge carriers drift from the trap sites to 
the electrode. This would mean that not all of the charge carriers would have drifted and would 
remain accumulated at the interface, when the light is switched on the presence of these charge 
carriers will initially cause a decreased photocurrent density until they transfer to the electrode. 
This idea is supported by the fact that although there can be a fast recovery of light-activated 
trap states in the dark at less than one minute [11], this is not a full recovery which suggests that 
some charge carriers do not fully dissipate. 
 
 
There is the observation that no matter the length of the photocurrent transit exposure, the 
optimal photocurrent density will always be reached. For the ND2 light intensity the peaks 
showed the same patterns for all three photocurrent transients which means that the 
abovementioned mechanisms also apply. However, for the lowest light intensity, ND4, the 
peaks revealed very little increase in photocurrent density. It is important to note that for all 
three peaks for each photocurrent transit there was an observed sudden peak before the curve 
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settled to a steady state. An explanation for this observation is that the presence of generated 
charge carriers is represented by the initial peak in the current, specifically, the charge carriers, 
albeit fewer in number, combine with the opposite charge carriers creating electron / holes pairs 
causing the increase in current. However, this increase is short-lived because of the fewer 
number of charge carriers and therefore, the observed steady state is achieved immediately 
afterwards, when the light is applied for the next photocurrent the process is repeated. 
 
 

































































     


































        Figure 8.2:Photocurrent transients for different light intensities 21.45,42.9 and 85.8 W/m2  (a) 4 minutes, (b) two minutes, 
 and (c) 30 second time intervals showing higher light intensity results in higher current, and that the steady state  is achieved 
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An additional observation from the results is that for the higher and medium light intensity 
the  time exposure has an effect on the mechanism, evidenced by differences in the shape of 
the peaks and the associated mechanisms, however, the peaks for lower light intensity are not  
affected by time exposure to light as evidenced by  consistent shape for all three photocurrent 





8.3   Photocurrent at Constant Light Exposure 
 
 
Measuring the photocurrent density response for a constant exposure over time leads to 
understanding the effect of light intensities on the behaviour of the current in the MAPbBr3 
crystal by using the same architecture structure (Ag/MAPbBr3/Ag). Exposure to light has been 
tested for a photodetector device structure with a MAPbBr3 single crystal using IV 
measurements, however, this was limited to full solar radiation, the present research extends 
on this to include three different light intensities.   
 
Under the highest light intensity as expected an increase in the external electric field correlated 
with an increase in the current (see Fig 8.3 (a)). It was observed that over the 2 hours’ time 
period there was a gradual decrease in the current observed for all applied voltages and the 
pattern of this decrease was almost identical between them, this would suggest that the process 
of degradation is the same for all voltages. However, the current output was not correlated 
proportionally with the electric field input, whereby an increase in the electric field was 
associated with a slower increase in the current (see Figure 8.3 (a)). 
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For the ND2 and ND4 there was an observed steady state achieved at the lowest applied 
voltage. As has been stated before, a steady state is achieved when there is an equilibrium 
between the extraction rate and generated charge carriers. This would suggest that at a certain 
level of light intensity it is no longer possible to achieve a steady state, this is further evidence 
of the effect of light intensity on the photo instability of the single crystal. 
 
 




























































































     Figure 8.3: Photocurrent density for two hours exposing to different light intensities (a) without filter, (b) ND2, and (c) ND4 using  
    solar  Simulator at different electric fields (1000, 3000, 5000, 7000 and 9000 V/m) showing a lower light intensity results in a steady 
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 In these experiments it has been shown that both the applied external current and the applied 
light, under various intensities and various time periods, have an effect on the photo instability 
of the single crystal. Specifically, the contribution of light to photo instability has been shown 
by the differing results for each light intensity in terms of the rate of increase of resistance, 
shown for different applied voltages for different light intensities, and the fact that light 





8.4   Summary 
 
 
In Chapter six hysteresis was revealed as a result of mechanisms associated with the electrodes, 
in Chapter 7 heat alone was found to have an effect on hysteresis and thus stability. Here the 
photostability of the perovskite was examined under differing light conditions, using solar 
simulator of light intensity 85.8 W/m2. Using optical and structural measurements no structural 
instability was found. However, where photocurrent transients were applied a notable pattern 
occurred suggesting recovery mechanisms that took place during dark periods. Light was also 
shown to have a mediating effect on stability against the inputted current. Overall, light 
contributed to instability of the device in operating conditions due to its effect on charge carriers 
resulting in hysteresis. Therefore, the chapter has revealed that light has an effect on perovskite 
stability and on the overall functionality of perovskite MAPbBr3 as a photoconductor device. 
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Chapter 9: Conclusion and Future Work 
 
 
This research has emphasised the benefits of hybrid halide perovskites for use in photonic 
devices and specifically, MAPbBr3 as a single crystal for such devices including 
photodetectors. With increasingly cost-effective approaches for optoelectronic devices and the 
need to produce more efficient materials, this has led to the third generation of photovoltaic 
materials and devices including organic and hybrid devices. However, in addition to efficiency 
there is also the need to understand the stability of these new materials since they will operate 
under conditions that include exposure to heat and light as part of their operation.  
 
Hybrid halide perovskites have been shown to have a favoured symmetry and the optical 
absorption properties required for PV devices. However, the stability of these materials has not 
been fully investigated which has led to a lack of understanding of the mechanisms of stability 
in these materials as photonic devices. Initially, a description and justification of the use of 
halide perovskites, specifically hybrid halide perovskites as a single crystal for use in PV 
devices was presented in this research before moving on to investigation material stability. 
 
The literature has shown that the electrical properties of hybrid halide perovskites, as a 
functional attribute of photonic devices, are affected by the structural stability of the material, 
which provided further justification for examining structural stability of the MAPbBr3 single 
crystal. Towards understanding material stability, the research considered established 
mechanisms of material degradation related to heat and light conditions and proposed new 
mechanisms for instability based on the results of experimentation.  
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The thesis started with an introduction to semiconductors generally and perovskites 
specifically, as intrinsic semiconductors before a more detailed description was provided of 
metal halide perovskites as the material tested in this study, namely, the MAPbBr3 single 
crystal. The chapter on growth and characterisation offered an insight into the stability of the 
single crystal, it mainly served to justify the use of the single crystal in applications through 
presentation of its intrinsic properties. In addition, single crystals were introduced, and their 
optoelectronic properties as a justification for investigation of their material stability under heat 
and light conditions was provided.  
  
Although there are a number of different mechanisms offered for the I-V hysteresis observed 
for the MAPbBr3 single crystal, there was a need for explanation of different hysteresis for the 
different electrode materials used. Electrodes, and specifically electrode material, can have an 
effect on the mechanisms within a photonic device, specifically, this manifests as different 
hysteresis for different electrode materials. There was a need to select a suitable electrode 
material in terms of consistency in results and the least amount of hysteresis in order to 
minimise the obscuring of electrical mechanisms taking place within the perovskite material 
and at the electrode interface, both of which were relevant to material stability. Therefore, a 
number of different electrode materials and material combinations were tested for hysteresis. 
Specifically, towards an understanding of the stability and degradation mechanisms that take 
place in the device, it was necessary to select a material for the electrodes that had low 
resistance, low hysteresis and be stable. However, the process of selecting the right material 
from a number of choices in itself revealed the mechanisms that took place within the single 
crystal, which could be affected by the work function of the electrode material and the 
interactivity of the material with that of the single crystal, all of which gave insight into 
interface mechanisms in such devices. The differences in I-V hysteresis for the different 
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electrode materials and an understanding of the associated mechanisms led to the choice of 
silver as an electrode material because of low hysteresis in I-V measurements. This process of 
selection served to offer a better understanding of the possible mechanisms within the crystal 
itself. Therefore, a contribution of this research was an understanding of how different electrode 
materials had an effect on charge extraction and other interface mechanisms. An associated 
contribution of the present research was a comparison between a number of different electrode 
materials in terms of current and I-V hysteresis. 
 
The result of experimentation for electrical properties revealed the involvement of the interface  
charge as a mechanism for the hysteresis. In fact, subsequent experimentation revealed that the 
events that took place at the interface were instrumental in the performance and associated 
stability and degradation of the material. This not only addressed the intrinsic mechanisms 
within the material itself but also the role of the electrode as part of the interface. The interface 
was instrumental in observed hysteresis and material degradation in a number of different ways 
which included extraction rates, trapping and de-trapping of charge carriers and recombination 
of ions forming new compounds at the interface. 
 
Furthermore, the surface was significant where it was observed in the crystal alone that there 
was surface degradation as a result of high temperatures causing sublimation, and increasing 
temperatures led to an increase of this degradation into the bulk of the material. However, 
evidence of material instability was only observed at much higher temperatures. This suggests 
that instability that occurred at much lower temperatures in the device structure was attributed 
to mechanisms that are a result of this structure, particularly those that involve the interfaces 
between the active material and the electrodes. What is relevant, and has been contributed in 
this research, is the device structure and associated electrode materials as factors for material 
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instability, found at much lower temperatures, is pertinent to the single crystal in application as 
a photonic device.  
 
Temperature was found to have a significant effect on the stability of the MAPbBr3 single 
crystal in a number of different ways. This was evidenced by sublimation through a loss of the 
organic component of MAPbBr3 as well as inorganic bromine and phase changes. 
 
The research contributes to revealing phase changes at high temperatures for MAPbBr3 single 
crystal. Phase changes indicated the effect of heat on material stability where it was found that 
the length of exposure to heat was significant in effecting phase changes, even for lower 
temperatures. While this mechanism has been established for other materials the contribution 
of the present research is identification of heat degradation phenomena for the MAPbBr3 single 
crystal. Another contribution related to the rate of heating and longer exposure to heat is that 
at 5°C/minute there is an ordered phase change, as opposed to 10, 15 and 20°C /min which 
exhibited disordered phase changes. This has implications for applications where it is 
recommended that the crystal not be heated at a higher rate than 5°C/ min. Furthermore, 
understanding phase changes and temperatures contributed to recommendations for heating for 
the achievement of a stable transition phase.  
 
Experimentation with temperature included the single crystal alone and revealed surface 
degradation, pointing further to the significance of the surface layer. Significant evidence of 
the effect of heat on material stability at the surface was the sublimation of MABr from the 
crystal resulting in a 95 % weight loss of the material. The specific process of how this occurred 
was determined to be an initial decomposition of the organic component CH3NH3Br followed 
by a loss of bromine from the inorganic component leaving lead behind. A contribution of this 
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research was a verification of the lead residue through flame test and Atomic Absorption 
Spectroscopy (AAS).  
 
As a contribution of this research, degradation was observed at a much lower temperature, 120 
˚C over a period of six hours, using UV-Vis, FTIR, XRD, SEM and I-V measurements. Heat 
was shown to have an effect on the band gap. Longer exposure to heat having an effect on 
stability was also found using UV-Vis, where a constant temperature was applied over a six-
hour period a decrease in the band gap was observed. It was revealed that there was a 
relationship between temperature and band gap, whereby an increase in temperature led to a 
narrowing of the band gap. Furthermore, the activation energy increased with an increase in 
temperature leading to degradation due to a break in the energy barrier at the interface and an 
associated flow of electrons. This was attributed to increasing temperatures leading to a 
decrease in the bandgap. Therefore, a contribution of this research is that this structural 
degradation was observed at these temperatures.  
 
Another contribution of the study was a comparative understanding of different light intensities 
on material instability for both structural and electrical properties of MAPbBr3 single crystal. 
Through optical and structural measurements, it was shown that light did not have an effect on 
material stability for different light intensities. As a contribution, the lack of effect on material 
stability was also found for solar simulator, in contrast to other studies for perovskite materials 
as a device structure.  
 
Generally, longer exposure to light was found to have an effect on the stability of the material 
evidenced by a decrease in current, this was evident for all applied voltages. While this 
confirmed other studies, the additional contribution of this research, through the application of 
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different light intensities, showed that these light intensities had different effects on material 
stability, this was found to be the case for photocurrent transient and constant light exposure. 
Therefore, this raises a question about what is responsible for the instability in this case, it may 
be the interaction at the electrode interface, or it may be the different effect of light on the  
flowing of  charge carriers inside the crystal, this could be resolved in future research.  
 
 
9.1   Future Research 
 
In reference to the fact that there can be a combination of ions forming new compounds at the 
interface, it has been suggested in this study that this could be a possible cause of hysteresis. 
The combination of ions observed in this research resulted in new compounds, a future study 
could investigate if there is relationship between IV hysteresis and a new molecules were 
formed. 
 
Given that the material used for the electrodes was significant in the instability mechanisms 
mentioned in this research. Even though silver was found to be optimal, carbon was not 
sufficient for the device structure. Future research could investigate further electrode materials 
that would give optimal stability to the single crystal device structure. This could include 
experimentation with multiple layers of different materials to consider the effect on work 
function, chemical reaction and interactivity at the interface. 
 
The single crystal alone showed that there was significant surface degradation at higher 
temperatures due to the sublimation of the organic component MA leaving behind a lead 
bromide residue. Future research could remove this surface residue and test the exposed crystal 
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below in order to determine if there is material degradation beyond the visibly observed 
degradation. This could provide insight into the process of degradation within the surface of 
the crystal and could be achieved through a comparison of results with a pristine sample. 
 
 




10.1 Appendix A – List of Chemical Acronyms 
 
MAPbBr3 ................... Methylammonium lead bromine(lead bromide perovskite ) 
 
MAPbI3 ........................................................................................................................ lead iodide perovskite 
 
DMF ............................................................................. N, N- dimethylformamide 
 
PTFE… ................................................. Polytetrafluoroethylene membrane filters 
 
AZO… ........................................................ Aluminium-doped zinc oxide solution 
 
C………………………………………………………………... Carbon  solution 
 
PC61BM… .................................................... phenyl-C61-butyric acid methyl ester 
 
PEDOT: PSS ............. poly (3,4-ethylenedioxythiophene): polystyrene sulfonate solution 
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10.2 Appendix B – List of Acronyms 
 
PVs ............................................................................................. photovoltaic cells 
LEDs ..................................................................................... light-emitting diodes 
TSSG… ......................................................... Top seeded solution growth method 
BSSG… ................................................... Bottom seeded solution growth method 
AVC ................................... Anti-solvent Vapour Assisted Crystallisation Method 
ITC… ................................................ Inverse Temperature Crystallisation Method 
MSSC ................................................................... Mesoporous structured solar cell 
ETL ............................................................................... Electron transporting layer 
HTL… ................................................................................ Hole transporting layer 
FWHM… ..................................................................... Full width at half maximum 
PCE… ......................................................................... Power conversion efficiency 
FTIR .......................................................... Fourier-transform infrared spectroscopy 
UV-Vis .................................................................. Ultraviolet–visible spectroscopy 
SEM… ..................................................................... Scanning electron microscope 
AAS .................................................................... Atomic Absorption Spectroscopy 
EDS .......................................................... Electron Dispersive X-ray Spectroscopy 
XRD… ........................................................................................ X-Ray Diffraction 
TLM ...................................Transmission Line Model (or Transfer Length Method 
I-V… .................................................................................................... Current-Voltage 
TGA… ....................................................................... Thermal gravimetric analysis 
DSC .................................................................... Differential scanning calorimetry 
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Samples used to test IV measurements (a) Mg, (b) bilayers of Mg/Al,.( c) Al/ MAPbBr3/Ag 
 
 
IV curves in linear plot for different metal electrodes which were used for MAPbBr3 single 
crystal including  silver, selenium, tin, zinc, copper, gold, indium, aluminium, 
Magnesium/silver, and PCBM/silver. 
Ag 
Al 
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plot  curve between work function for different metal electrodes which were used for 






IV curves in linear and log plot for C/MAPbBr3 /Ag 
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Sample used to record the SEM images for MAPbBr3 after annealing for 6 hours at 
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UV-vis analysis of perovskite crystal at 50°C at different duration of heating time 
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 UV-vis analysis of perovskite crystal at 80°C at different duration of heating time 
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UV-Vis  analysis of perovskite crystal at 120 and 170 °C at different duration of heating 



















































































UV-Vis  analysis of perovskite crystal at  220°C at different duration of heating time 
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FTIR analysis of perovskite crystal at 50°C at different duration of heating time 














































FTIR analysis of perovskite crystal at 80°C at different duration of heating time 
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FTIR analysis of perovskite crystal at 120°C at different duration of heating time 
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FTIR analysis of perovskite crystal at 170°C at different duration of heating time 
0,1,2,3,4,5,6 hours 
